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Chapter 1
1

Introduction

1.1

Invasive Species

Biological invasions by non‐native species are unfortunately common. Simply defined,
an invasive species is an organism introduced into a non‐native habit to which it
reproduces successfully, builds a self‐sustaining population, and impairs ecosystem
function or impacts native species in its new environment. Quoting the International
Union for the Conservation of Nature (IUCN 2014), invasive species are:

“Animals, plants or other organisms introduced by man into places out of their natural
range of distribution, where they become established and disperse, generating a
negative impact on the local ecosystem and species. Invasive species represent the
second most significant cause of species extinction worldwide after habitat destruction,
and in islands, they are undisputedly first. The impacts of alien invasive species are
immense, insidious, and usually irreversible”.

Given this statement, it can be deduced that invasive species are a malignant and
paramount threat to all global ecosystems.

The global pet trade is often implicated in the introduction of invasive species, both
terrestrial and aquatic. Careless owners sometimes release unwanted pets or plants to
the wild by accident or intentionally, and many times, if local conditions are favorable,
the inductees survive. If enough of the exotics are released, they may flourish and build
self‐sustaining populations. South Florida, for example, (which is one of the focal
regions of this thesis) is a known hotspot for marine non‐native species sourced from
aquaria (Semmens et al. 2004). Additionally, many South Florida terrestrial invasive
species, such as the Burmese python, cane toad, curly‐tailed lizard, and various species
1
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of parrots can be attributed to the pet trade (Wilson et al. 2011). The proliferation of
invasive species in South Florida is likely due to a combination of its amicable climate,
which allows the non‐natives to survive, and a thriving human population center with
easy access to international trade which facilitates their transport to the region.

The ability of a non‐native to survive outside of its natural range is often fueled by many
components. First, predator or parasite ‘release’ often plays a major role in the success
of an invasive species (Morales‐Nin and Ralston 1990). These releases can be defined as
a lack of predators and/or parasites of the invader, whereas those organisms which may
prey on the introduced species or weaken them due to parasitism in their native range
are not present in the new environment.

Predator or parasite release decreases the

mortality rates of the non‐native, allowing them to reproduce quicker and in greater
numbers. Release, particularly at the larval or propagule stage where mortality is the
greatest, allows more individuals to survive to maturity, breed, and fortify subsequent
generations. Secondly, prey naivety may play an important role in their success. It is
thought that small reef fish do not recognize lionfish (a particularly noxious marine
invasive) as a predator, and so do not avoid them as would be expected in a predator‐
prey relationship (Darling et al. 2011). This inexperience of prey fish to the predator
allows some invasives, such as lionfish, to feed with abandon and sometime even grow
to larger sizes than where they are native (Darling et al. 2011).

Third, reduced

ecosystem function in an introduced environment, perhaps due to human‐mediated
causes such as overfishing, may allow a non‐native species to occupy a niche vacated by
a native species, providing the introduced animals a competitive advantage over those
which are indigenous (Pimiento et al. 2012). A competitive advantage facilitates access
to more food resources, allowing the non‐natives to grow bigger and stronger than
where predators or ocean conditions may control them where they are native. Finally,
the mechanisms of transport for offspring of an invasive (i.e. the strong‐flowing Florida
current which is capable to transport fish larvae and eggs long distances – see Johnston
and Purkis [2011]) may be more conducive to the spread of a species in the new
2
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environment than where they are native. All of these conditions can conspire to fuel a
marine invasion, though the full roster of these circumstances is elusive in most cases.

Apart from released pets, marine and freshwater aquatic invasives are also frequently
introduced via ballast water exchanges containing planktonic fish larvae and also
aquaculture facilities which may inadvertently discharge non‐native species into local
waters during floods (Wonham et al. 2000, Padilla and Williams 2004). Sometimes,
exotic species are intentionally introduced with good intentions, for example, in order
to fill a perceived gap in ecosystem function or provide a fishery. One such introduction
occurred in the Hawai’ian Islands in the late 1950s when 11 exotic (to Hawai’i) species of
grouper, snapper, and emperor fish were intentionally released into Hawai’ian waters.
Three of the species established breeding populations, and at least one of them
(Lutjanus kasmira) proved to be invasive (Gaither et al. 2013). Direly, the aim of
establishing a fishery (and also improving ecosystem function by filling a supposed niche
gap) was not successful and few benefits associated with the introductions have been
realized (see chapter 3 for a full discussion of the Hawai’i introduction).

The impacts from predation and habitat displacement caused by marine invasive
species, in particular, are hard to quantify as patterns of introduction and recruitment
are hidden from casual view, often not well understood, and are rarer than terrestrial
invasions.

The potential deleterious effects of nonnative species in all habitats,

however, are well documented (O’Neill 1997; Dittel and Epifanio 2009). Indeed, the
environmental and economic losses as a result of both aquatic and terrestrial invasive
species is staggering, estimate to be $120 billion United States Dollars (USD) per year in
the United States (Pimentel at al. 2005). Island nations, such as those throughout the
Caribbean, which is also a region central to this thesis, are particularly susceptible to the
threat of invasive species.

This susceptibility stems from the intrinsic geographic

isolation of oceanic islands, limiting species composition to fewer, less vagile biotas
which are more sensitive to disturbance than those of mainland species (Reaser et al.
3
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2007). Notwithstanding the impacts that have been quantified for Atlantic lionfish
(Morris and Whitfield 2009; Arias‐González et al. 2011; Albins and Hixon 2011),
however, the long‐term effects of marine invasive species are unknown because of their
novelty.

1.2

Lionfish

The lionfish, Pterois volitans and Pterois miles (red lionfish and devil firefish, referred to
collectively as lionfish), have become established in the eastern Atlantic, Gulf of Mexico,
and entire Caribbean (Hare and Whitfield 2003). P. volitans, native to the tropical
western Pacific and P. miles common in the Indian Ocean and Red Sea, are
phenotypically very similar (Morris et al. 2009). Both species have been confirmed in
Atlantic waters with P. miles composing a small percentage of records (Hamner et al.
2007; Morris and Freshwater 2008; Freshwater et al. 2009). For brevity, this thesis will
refer to both of the species found in the Atlantic as simply ‘lionfish’.

The lionfish is a voracious piscivore, preying on small reef fish and crustaceans up to
their own body size (Hare and Whitfield 2003; Morris and Akins 2009). While it was
thought that lionfish have no known predators in their introduced range, predator
release has been recently disputed (Green and Coˆte´ 2009; Mumby et al. 2011;
Hackerott et al. 2013). Lionfish have been recorded from water depths as deep as 300
m and at densities far exceeding that of their native Indo‐Pacific (Green and Côté 2009;
Albins and Hixon 2011). Atlantic lionfish are thought to be descendants of a small
founder population released from aquaria in South Florida ( Hamner et al. 2007;
Johnston and Purkis, 2011). Genetic studies suggest a strong founder effect (i.e. loss of
genetic diversity in a population resulting from a small number of founding individuals),
strengthening the supposition of a small initial source population ( Hamner et al. 2007).
Females are reproductively viable by at a minimum of 12 months of age and are capable
of producing 10,000–30,000 mucous‐encased eggs every four days (Morris et al. 2009,
4
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2011; Ahrenholz and Morris 2010). Factors limiting the establishment of adult Atlantic
lionfish are thought to be a minimum thermal tolerance of 10 °C (Kimball et al. 2004)
and apparent depth limit of 300 m (Albins and Hixon 2011).

Non‐native lionfish are known to populate most benthic habitats in the western Atlantic,
Gulf of Mexico, and Caribbean basin. This includes both reefs and mangrove systems
which are important nursing grounds for juvenile reef fishes. A recent Bahamian study
determined that lionfish increased to 40% of total predatory biomass within 4 years
(Green et al. 2012). This increase coincided with a 65% decline in Atlantic prey fish
biomass in just two years. Additionally, lionfish in mangrove systems in the Bahamas
have been shown to be polyphagus and in direct competition with juvenile grouper
species (Barbour et al. 2008). The lionfish invasion is arguably developing into the most
ecologically damaging marine invasion ever documented (Albins and Hixon 2008).

The locus of introduction of lionfish to the western Atlantic is unknown. Six individuals
which were released into Biscayne Bay during hurricane Andrew in 1992, however, are
often cited as the initial introduction, though this release is anecdotal and not well
documented (Courtenay 1995). Records also indicate a 1985 capture of a single lionfish
in Dania Beach (Florida) (USGS‐NAS 2010). Subsequent to the Biscayne Bay release,
lionfish are recorded from South Florida, northward to North Carolina, which boasts
numerous sightings beginning in the year 2000 (USGS‐NAS 2010). South Florida, the
likely vector of the lionfish invasion, contains a large human population center with a
thriving exotic pet industry and has been documented as a hot spot for marine
introductions (Semmens et al. 2004). South Florida’s location provides introduced
marine species in the area with sheltered nursery grounds (Biscayne Bay), near‐shore
reef habitat, and an efficient dispersal mechanism for pelagic eggs and larvae via the
Gulf Stream.

5

Chapter 1: Introduction

1.3

Aim of the thesis

Ocean current has been cited as the likely transport mechanism for juvenile lionfish
(Hare and Whitfield 2003), and most marine population models studying population
connectivity in other species also cite ocean current as a main driver of larval dispersal.
The mechanics of connectivity for the lionfish invasion, however, have not previously
been fully explored and a model which captures the dynamics of the lionfish invasion
has not been previously developed. The main objective of this thesis was to develop a
simple invasion model (referred to throughout the thesis as “Invasionsoft, the
“biophysical model”, or simply “model”), based upon data assembled entirely from
public sources and using the lionfish invasion as a proxy species, which can artificially
simulate the spatial and temporal patterns of incursion of marine invasive species.
Founded on the example set by Atlantic lionfish (as documented by the invasion
sequence documented by USGS database – see section 1.4 for a discussion on the
database), the model could then be implemented to synthetically reproduce the
invasions sequences of marine invasive species in novel locations. To accomplish these
goals, the model was developed in a series of steps, validated against a known invasion
sequences of Atlantic lionfish and also introduced exotic reef fish in Hawai’i. To this
end, fourteen species in total were examined over the course of seven separate
modeling studies in this thesis.

1.4

Spatial Analysis of the Lionfish Invasion

As the lionfish is the foremost example of a successful marine invasive species, and also
was used to formulate and also validate the model developed during this thesis, it was
first necessary to understand the spatial patterns of the initial lionfish invasion in the
Atlantic. This analysis was founded on examination of the United States Geological
Survey Non‐indigenous Aquatic Species (NAS) database, which is a compilation of
6
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Fig. 1.2 Cumulative Count Log Plot and Capture Predictions. (A) Best‐fit log plot of
captures from the USGS‐NAS records for the years 1990–2009. (B) Cumulative and
yearly capture prediction based on best fit log plot.
Only those records with complete geographic and date information were used, yielding
a database of 987 records. Selective treatment of the USGS database delivers a robust
regional‐scale assay of the lionfish invasion, which has been the basis for several recent
studies (Schofield 2009 2010; Betancur R et al. 2011).

Analysis of the USGS‐NAS database found that, out of a total of 193 capture records that
had specimen size data available, 137 adult lionfish and 56 juvenile lionfish were
collected representing an approximate 2.5:1 ratio of maturity (Fig. 1.1). The distribution
of juvenile lionfish was fairly uniform over the entire introduced range.

Adult
8

Chapter 1: Introduction
distribution was limited to south of the Cape Hatteras limit (35.5 °N) and, as noted in
other studies, likely demarks the northernmost limit for Atlantic adult lionfish (Kimball
et al. 2004). This northern most limit corresponds to major benthic structure and
habitat changes and was also found the likely northernmost limit for lionfish by Kimball
et al. (2004) and other tropical fauna by Briggs (1974). Cumulative capture records also
show that most lionfish were reported from relatively warm waters (mean 26.5° C) less
than 35 m, corresponding closely with recommended recreational SCUBA diving limits
and reflecting that most captures likely were reported by divers. It is difficult to
ascertain if this shallow, warm water, bias is representative of the overall population.
Exceptions include those lionfish reported off North Carolina where populations inhabit
deep sea offshore wrecks (Kimball et al. 2004).

Cumulative captures were shown to be increasing on a log‐scale from the year 1992 to
2009 (Fig. 1.2A, r2 of fit = 0.91). Using regression analysis, USGS‐NAS records were
extrapolated out ten years with cumulative captures in the year 2015 forecast to be
10,376 (2,942 yearly) and 52,452 (14,388 yearly) in 2020 representing a nearly 45‐fold
increase in records as compared to those concluding 2010 (Fig. 1.2B). The predictions
represent the number of capture events, not actual population size, though arguably
the two are linked. Additionally, an acknowledged limitation of this forecast is lack of
data on sampling effort from 1992 to 2009 as well as the link between cumulative
captures and sampling effort during this period.

The sequence of USGS lionfish records reveal that the invasion appears to have occurred
in three stages as illustrated by a stage map (Fig. 1.3). Stage one occurred from the
initial release point until the end of 2004 at which point lionfish were first reported from
the Bahamas (USGS‐NAS 2010) and is represented by dark gray arrows. Stage two
proceeds in a south and easterly direction beginning in the central Bahamas in 2004 and
is represented by black arrows. Once established in the Bahamas, dispersal proceeded
southward into the entire Caribbean including central and northern South America by
9
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The stage‐map (Fig. 1.3) is similar to the map proposed by Freshwater et al. (2009),
modeling efforts by Cowen et al. (2006), and genetics work completed by Betancur et al.
(2011).

Stage one was a relatively quick progression, beginning in south Florida,

spreading up to North Carolina, Bermuda, and finally juveniles found in the waters of
New York/New Jersey. Stage two occurred when individuals were first documented in
the Bahamas around 2004. The source of dispersal to the Bahamas likely originated
from the east coast of Florida populations as indicated by genetic studies linking the two
populations (Freshwater et al. 2009, Betancur et al. 2011). Transport models have
shown very little connectivity between Florida and the Bahamas as well as Cuba and the
Florida Keys, largely due to the strong flow of the Gulf Stream in the Florida Straits
acting as a barrier (Briggs 1995, Paris et al. 2005). Richards et al. (2007) also noted low
genetic connectivity across the Florida current between the Florida Keys and Belize reef
populations of O. lineata, a broadcast‐spawning brittle star with planktonic larvae.
Although lionfish were sparsely reported from south Florida since 1985, they were not
observed in the Florida Keys until January of 2009 when 36 captures were reported. This
event appears to be current‐driven with recruitment from downstream sources and
represents stage three, a full circle completion of the invasion cycle.

1.5

Species Distribution Models

In order for resource managers to combat invasive species, the use of species
distribution models (SDMs) for invasives biology is becoming more prevalent with the
advent of such software packages as openModeller and Maxent (Phillips et al. 2004;
Muñoz et al. 2009). These tools largely focus on the overall potential distribution of a
species by algorithmic examination of environmental conditions to produce model types
including the habitat suitability models (HSMs) used by Guisan and Thuiller (2005) and
Franklin (2010). Recent aquatic modeling by Jacobs and MacIsaac (2009) have used a
gravity model approach to predict the spread of Cabomba caroliniana (Green Cabomba)
via active (human‐mediated) and passive (advective flow) movement of propagules into
11
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relatively closed aquatic systems. The invasive vegetative weed Myriophyllum spicatum
(Eurasian watermilfoil) has also been investigated using gravity models, which
uncovered substantial deficiencies in this approach resulting in unreliable predictions
(Rothlisberger and Lodge 2011). Gallien et al. in 2010 provides a thorough review of
SDM methodologies including both mechanistic and phenomenological models as well
as newly emerging hybrid models which combine the two. A significant shortcoming in
the overall potential distribution approach employed by many of these SDMs is the lack
of representation of the dynamics and mechanism of spread. Mechanistic models, such
as the Mechanistic Niche Model (MNM) utilized by Kearney et al. (2008) examine the
progression of invasions, but often ignore environmental factors (Gallien et al. 2010).
This has resulted in the movement toward development of hybrid models combining
mechanistic and phenomenological approaches, the components of which are discussed
in great detail by Gallien et al. (2010). Even with this movement, there remains a lack of
readily accessible tools to easily create hybrid models.

1.6 Cellular Automaton and Agent‐Based models

Cellular automaton (CA) models have been previously employed in the study of invasive
vegetation utilizing GIS (Cole and Albrecht 1999), and agricultural pests such as Ceratitis
capitata (Mediterranean fruit fly) using AnyLogic™ (Parks et al. 2005). CA models have
also been used to study the spread of a species and range expansion into adjacent
habitats, often in the event of climate change events (Ostendorf et al. 2001; Engler and
Guisan 2009; Wilson et al. 2009). The CA approach was chosen for the model developed
during this thesis because of its relative simplicity and proven success in a large variety
of physical systems where examining simple parameters can often describe the behavior
of a more complex system (Bolliger et al. 2003). Agent‐based models are a class of
computational models which simulate the actions of a particle, or agent, in relation to
other agents and the environment in which they exist. An agent‐based model strives to
simulate the effect that individual agents have on the system as a whole. Chapter 2
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provides a complete overview of CA and how this type of hybrid CA and agents based
algorithm was implemented in this thesis.

1.7

Structure of the thesis

The thesis is structured first by an introduction to then model followed by studies which
utilize the model in all its permutations for fourteen different invasive fish species (Fig.
1.4). The last chapter is focused upon valuing the economic loss to Caribbean fisheries
and biodiversity due to lionfish. All but two of the chapters are based on published
work, with the remaining manuscripts in review.

The abstracts from the actual

publications are used to introduce each chapter and references for all publications are
provided after the abstract. The larval connectivity pathways of marine invasive species
and the implications of their infiltration form a central theme for all chapters of this
thesis.

Chapter two provides an introduction to the model and sets the context for the
subsequent five chapters which implement the model. The model is based upon a CA
and agent‐based algorithm which evaluates the effects of common physical
oceanographic characteristics widely evaluated in other studies (such as salinity,
temperature, current, and water depth) on fish distribution in the study domain. The
model was developed in stages, first as a low resolution larval connectivity model
(referred to as the initial model, or “Invasionsoft”) which was temporally scale‐less and
was web‐enabled, which was then further developed into a highly complex agent‐based
model (referred to as the enhanced model) which is capable to forecast invasive
sequences at fine temporal and spatial resolutions. The development of both versions is
described in chapter two and the inputs that parameterize the model for all of the
subsequent studies using the model are defined. The specific implementation of the
model for each study is explained in each chapter. Validation of the model, founded on
the original invasion sequence of Atlantic lionfish, is also described and a step by step
13
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condition data in order to impart a timescale to the simulations which were produced.
The study explores the historical introduction of 11 snapper, grouper, and emperor fish
species to the Hawai’ian Islands and is useful to validate the predictive ability of the
model. In this study, daily ocean condition values (current, temperature, salinity) were
used and the simulation outputs compared to historical records for each species. The
study is valuable in providing numeric insight into the characteristics that predispose
fish introduced outside their native range to becoming invasive.

Chapter four outlines a study which employed the model to examine the potential
incursion of panther grouper (Chromileptes altivelis) in South Florida. The life history of
the grouper, including fecundity, mortality, and reproductive potential were combined
with habitat preferences of the fish and physical oceanic parameters in South Florida to
forecast the distribution and periodicity of spread of this potential new invasive species.
This insight is valuable if attempts are to be made to halt this potentially new invasive
species.

Chapter five presents the first known prediction of the potential for establishment of
lionfish in the eastern Pacific Ocean. Lionfish are not known from the tropical eastern
Pacific, but there are many theoretical routes of introduction, such as ballast water
releases containing larval lionfish, aquarium releases, such as transpired with the
Atlantic invasion, and transport on ocean‐going debris from the western Pacific where
they are native. In this study, the dynamics of random hypothetical introductions of
lionfish into the eastern Pacific and Atlantic oceans were compared and contrasted in
order to highlight the different invasion potentials for both basins.

Chapter six introduces a study which weighs the potential for an invasion of lionfish in
the Mediterranean Sea. Lionfish are non‐native to the Mediterranean, but an invasion is
perhaps even more likely than for the Atlantic due to its proximity to the Suez Canal,
which connects to the Red Sea where they are native. This study investigated the
15

Chapter 1: Introduction
connectivity between areas along the Mediterranean coastline that fulfill the necessary
physical criteria to serve as potential lionfish habitat, contrasted to those from the
Atlantic and eastern Pacific to highlight differences amongst regions.

Chapter seven scrutinizes the connection between the spread of lionfish and Atlantic
hurricanes. To date, Atlantic tropical storms and hurricanes have not been implicated in
the spread of any marine invasive species. Perturbations to the Florida current caused
by hurricanes are dissected and the study explains why they are relevant to the spread
of invasive lionfish from Florida to the Bahamas. Beyond invasive lionfish, this study
suggests that extreme weather events such as hurricanes likely help to homogenize the
gene pool for all Caribbean marine species susceptible to transport on storm‐forced
ocean currents.

In chapter eight the model is not utilized, instead, the aim was to value the cost of the
lionfish invasion to Caribbean biodiversity and fisheries. Employing a highly‐utilized
method of ecosystem valuation known as Habitat Equivalency Analysis (HEA), the time‐
adjusted cost of lionfish damages to fisheries and biodiversity in the Caribbean were
measured and contrasted with those losses attributed to coral reef bleaching, a known
and devastating impact to global coral reefs. The goal was to 1) quantitatively evaluate
the cost of the lionfish invasion to fisheries and biodiversity in the broader Caribbean
and specific locations within the Bahamas, and, 2) to provide a metric by which ocean
managers can measure the monetary remunerations of lionfish controls when weighed
against removal costs.

Chapter nine quantifies the removal rates required to control lionfish by implementing
the model to create simulations which impose virtual culls on the model population at
varied temporal scales and exploitation rates. Several modeling studies (i.e. Arias‐
González et al. 2011, Barbour et al. 2011, and Morris et al. 2011) have attempted to
measure the requisite cull rates to reduce lionfish abundance, however, these studies
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focused solely on local culls and did not consider connectivity linkages within the range
of invasive lionfish. The study in chapter nine fills this knowledge gap by revealing
broad‐scale linkages throughout the invasive range, identifying the top linkages
between sub‐regions, and also the cull rates obligatory to attain broad scale lionfish
control. The planning tools derived from this study are import for ocean managers
attempting to control the invasion and emphasizes that a coordinated strategy is
required to successfully reduce lionfish abundance.

This chapter is based on:
‐

Johnston, M.W., Purkis, S.J. (2011) Spatial analysis of the invasion of lionfish in the
western Atlantic and Caribbean. Marine Pollution Bulletin 62 (6), 1218–1226.

17

Chapter 2: The Model

Chapter 2
2

The Model

2.1

Abstract

This chapter introduces the mechanics of the biophysical model and also the steps taken
to validate its capacity to forecast an invasive event. The model was initially developed
as a web‐version entitled ‘Invasionsoft’ which was succeeded by a high‐fidelity
‘enhanced’ and non‐web version for subsequent studies. In this chapter, a thorough
overview of both versions are provided to track the progression of the model from a
simple algorithm which only considered physical tolerances of the invasive species to
ocean conditions at a broad spatial scale, to a model which factored extensive life
history characteristics of the model species capable to produce daily and spatially
simulations at a fine temporal and spatial scale. The algorithmic flow of the model is
introduced as well as all values which parameterize simulations for the subsequent
studies. Each study uses varied data resolution and parameter inputs and this chapter
can be used guide to those inputs for each study.

This chapter is based on:

‐

Johnston, M.W., Purkis, S.J. (2012) Invasionsoft: A web‐enabled tool for invasive
species colonization predictions. Aquatic Invasions 7(3), 405–417.
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2.2

Introduction

This chapter centers on the model whose base algorithm was developed to investigate
the initial release and subsequent spread of P. volitans and P. miles, which is then
applied in subsequent chapters to model lionfish outside of the Atlantic and additional
marine invasive species. Another successful invasive species, Caulerpa taxifolia, which
is a marine alga that is native to the tropical Atlantic, Indian, and Pacific oceans and was
introduced to the Mediterranean Sea in the 1980s (Phillips and Price 2002), is also
examined in this chapter. The introduced strain of Caulerpa taxifolia, linked to the
aquarium industry similar to lionfish, is highly robust and reproduces asexually via
fragmentation (Boudouresque et al. 1995; Phillips and Price 2002). First, the use of the
model (entitled “Invasionsoft”) is demonstrated by providing two example modeling
scenarios; simulations created founded on the lionfish invasion test case, and an
example use case with Caluerpa taxifolia as a sample species. Also presented are the
methods used to verify the model outputs and how Invasionsoft can be used by others
to verify their own models. Next, the enhanced version of the model is explained, which
is then implemented in subsequent chapters.

Invasionsoft engages a spatial hybrid model, addressing both the dynamics of spread
and overall spatial distribution through the use of a CA algorithm‐based examination of
environmental conditions. The model consists of four elements which are common to
CA algorithms; conceptual cells, cell state, neighborhood cells and a set of rules. The
mechanics of a CA model dictate a study area separated into a grid of spatial conceptual
cells. Unique to each cell are a set of parameter values, which are used by the set of
rules to make a determination of the cell state. In the model, an initial founder cell is
marked as settled by the modeled fish (the cell state), and for each cycle, neighborhood
cells are deemed settled based on an acceptable range of parameter values, including a
stochastic variable, which make up the model rules. Unique to the model, and as part of
the rules definition, a proportional weight factor for each parameter is used to regulate
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the influence of the parameter on a conceptual cell satisfying the rules for a positive cell
state. The weighted parameter value system is necessary because certain parameters,
such as ocean current, are deterministic in the spread of fish larvae when compared
with other parameters, such as seas surface temperature. Likewise, in low current grid
cells, the deterministic influence of other static parameters, like temperature and depth,
is effectively increased because of the proportional decrease in contribution to larvae
spread by ocean current. The CA logic is repeated for each settled cell for the number of
cycles in the simulation. The output of the model consists of a list of latitude/longitude
points and the computational cycle in which the cells were settled.

For best results, the model relies on pattern fitting (producing a best fit model – BFM) of
a historical sighting or capture sequence to tune the inputs of the model. Models can
also be produced without producing a BFM. When comparing the model output to a
historical pattern, a resultant BFM can then be used to create simulations predicting
future invasions in other locales.

The initial version of the model and software interface comprises a default parameter
set, specifically tailored to the marine environment, and examined four prevalent
physical parameters; salinity, temperature, depth, and ocean current in the western
Atlantic, Caribbean, and Gulf of Mexico regions. Users could also upload custom
parameter datasets, enabling modeling in other regions as well as terrestrial
environments. Invasionsoft beta was unique in its simple web‐based format, enabling
the tool to be easily accessed with any modern web browser, requiring no software
installation and no cost. With Invasionsoft, the aim was to bridge the gap between the
need for more intuitive and simple hybrid modeling tools and more complex modeling
tools like openModeller and Maxent.
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2.3

Development of the Initial Model

2.3.1 Technology

The Invasionsoft web portal was written primarily in ASP.Net technology, utilizing Visual
Basic (VB.Net) as the main coding language of the presentation and data access layers.
The web interface used JavaScript including AJAX technology for browser scripting
requirements. Scaled Vector Graphics (SVG) were employed to display the results of the
model in a custom viewer using Google Maps as a base layer to show spatial distribution
of the resulting data points. Most algorithmic logic was performed via Structured Query
Language (SQL) stored procedures and server‐side VB.Net code which acted upon a
Microsoft SQL Server 2008 Express database. This database also housed all data and
tables required for running the model. Some data processing was accomplished utilizing
ArcMap 10 – especially in those cases which involved spatial referencing of parameter
data points and lionfish record data points (ESRI 2011). The front end website was
hosted on a Microsoft IIS server running the Windows XP operating system. To take full
advantage of all of the technologies in the simulator, supported browsers for end users
included Microsoft Internet Explorer version 8.0 or higher, Mozilla Firefox version 3.0 or
higher, and all versions of Google Chrome.

2.3.2 High Level Model Overview

When using the default parameter set, Invasionsoft examined four common
oceanographic environmental characteristics; depth, temperature, salinity, and ocean
current, to determine their effect on the distribution of an invasive marine species.
These four default parameters were derived from the lionfish test case and were
determined likely to be the most influential parameters on that species’ invasion
sequence (Johnston and Purkis 2011). Users could also opt to provide their own
parameter datasets for evaluation by utilizing the custom dataset upload feature. To run
a simulation using the default parameter set, a user input values using the web‐based
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interface to define the acceptable range of values for temperature, salinity, and ocean
depth, thus delineating a portion of the CA rule. An instructional tutorial was provided
via an ‘Instructions’ link on the main page to guide the user in what input was necessary
to run the model. Additionally, context‐sensitive help was available for each input field
by clicking on the “?” button next to the field. For the default parameters, the “?”
button also presented valid value ranges. The parameter input values could be based on
statistical analysis of actual historical records or other sources of data that define an
invasive species’ range tolerance to the parameters being examined. The user also
assigned a weight factor (another portion of the CA rule) to each of these parameters.
This weight factor was a proportional number to the other parameters’ weights and was
used to determine the influence that a parameter has on that cell (the CA conceptual
cell, in the CA neighborhood) meeting the conditions for colonization (the CA cell state).
A weight factor was also assigned to a ‘null’ cell in which none of the parameter
conditions were satisfied and could be used to factor in a randomness value or account
for influential parameters other than those currently being examined. The null cell
weight value could also be set to zero to eliminate a null condition influence. Finally a
‘required’ value was assigned to the each parameter. If this value was checked, a cell
was labeled as colonized (as opposed to a transport area) only if the checked parameter
value fell within the acceptable range. In addition to the parameter values, the user was
also required to enter a name for the simulation, the number of cycles to run the
simulation (the model was iterative for this number of cycles, with the invasion
algorithm run for each infected cell once per cycle), the coordinates of the initial
introduction (vector) cell, and finally an email address to email the results which were
contained in a .csv (comma separated values) file. Additionally, the output was
displayed on a custom viewer in the web browser which included the ability to animate
the tracks from the initial introduction location.

To create simulations using a custom dataset, the user compiled their parameters into a
.csv according to the format provided in the instruction file. Using the GUI the user then
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The remaining steps to create a simulation were then identical to the simulation
creation procedure using the default parameter set.

2.3.3 Parameter and Record Data Compilation

The initial version of the Invasionsoft simulator (using the default parameter set)
examined a geographic area encompassing the western Atlantic Ocean, Caribbean Sea,
and Gulf of Mexico from 45° – 5° N latitude and ‐100° to ‐ 50° W longitude, which
corresponds to the approximate geographic extent of the contemporary lionfish
invasion. Parameter data were compiled on a 1° latitude × 1° longitude grid cell size
(about 100 km × 100 km), with a total of 1,382 marine cells. Mean salinity and
temperature data were obtained from the World Ocean Atlas 2005 (WOA05) database
(Boyer et al. 2006). Values for water depth were obtained from the ETOPO1 One Arc‐
Minute Global Relief Model which combines bathymetry and topography data based on
underway hydrographic soundings and satellite altimetry estimates (Amante and Eakins
2009).

Yearly average current data were obtained from the National Oceanic and Atmospheric
Administration (NOAA) Ocean Surface Current Analysis – Real Time (OSCAR) database as
well as from the NOAA Atlantic Oceanographic and Meteorological Laboratory (AOML)
(Bonjean and Lagerloef 2002). Current velocity and current direction were calculated for
each cell in the 1°×1° grid based on the NOAA data. In those cases where NOAA current
data were not available, direction and velocity were estimated from surrounding cells
and prevailing currents. All default parameter data could be reviewed in a custom
viewer from the main page via a button labeled ‘View Default Parameter Dataset’ (Fig.
2.1).

For the lionfish test case, the United States Geological Survey – Non‐indigenous Aquatic
Species (USGS‐NAS 2011) database was queried for historical lionfish capture records to
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use in development and verification of the model. The initial database contained 1,174
lionfish records at the time the test study began, with the first recorded observation on
October 16th 1985 and the most recent record on January 2nd 2010. The records varied
in their degree of accuracy and completeness, therefore only those records with
complete geographic and date information were used for the test study, yielding a final
dataset of 987 records. In order to establish acceptable value ranges to use in the
model for salinity, ocean depth, and temperature, values for these parameters had to
be calculated for each lionfish capture point in the USGS database. This was
accomplished by using ArcMap to create a spatial join between the lionfish records and
each parameters dataset. Once parameter values were obtained for each lionfish
record, the mean parameter value was calculated for all records. For the lionfish test
case, upper and lower ranges for temperature, salinity, and depth were then set to the
mean value ± 2 standard deviations, sufficient to encompass 95% of the expected value
range for lionfish.

A second use case was examined for an introduction of a highly invasive strain of the
marine alga Caulerpa taxifolia, common in the Mediterranean (Boudouresque et al.
1995; Delgado et al. 1996). This strain of C.taxifolia is common in the aquarium industry
and is thought more robust than the native strains that are common to tropical seas
worldwide, although this point has been somewhat contested (Phillips and Price 2002).
The aquarium strain reproduces asexually from fragmentation and is responsible for
large smothering‐type outbreaks which have occurred in the western Mediterranean
Sea. Small populations of the invasive weed have also been found in California where it
has since been extirpated (CISR 2012). As an example of how the Invasionsoft model
could be used without examining historical record sequences, a theoretical C. taxifolia
invasion model was produced originating in the coastal waters of Louisiana, USA.
Because historical records were not analyzed for this invasion, the model input relied on
parameter ranges based on C. taxifolia tolerances from literature.
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2.3.4 Processing Logic Details

The process of creating a model began with the user inputting all required data fields in
the browser form as a series of steps. Once the user entered all data these were
validated in order to continue processing, which was accomplished by pressing the
‘validate fields’ button. All validation of input data occurred either in browser‐based
code (for required field checks) or calls to the SQL database via stored procedures to
check for valid parameter data ranges and initial introduction points. Once all fields
were validated, including a valid user ID or email address, a popup advised that
processing could begin.

Validated input data was sent to a SQL stored procedure and VB.Net server‐side code
which initiated a set of algorithms performing the processing logic. The entire sequence
logic is outlined in the following steps and in Fig. 2 in Johnston and Purkis (2011). The
algorithms were iterative and repeated for each cycle as defined in the web input.

1. A SQL stored procedure was called from the front‐end code and the initial
introduction (vector) cell and parameter weight/ranges were sent as parameters
(defining the CA rule).

2. A SQL stored procedure cycled through all records in either the default or custom
parameter dataset (PD) (the default dataset contained salinity, temperature, depth, and
current values and coordinates) and calculated the score for each latitude/longitude in
the PD based on the parameter weights and ranges as defined in the user input.
Example: Cell 2 (Fig. 3 in Johnston and Purkis (2011); a CA conceptual cell) has a salinity
and depth within range, so its score was the sum of the weight of salinity (.02) and
depth (.02) for a total of .04. These values were stored in a temporary table (TT1) which
would be used later in processing.
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3. The initial cell denoted in the user input as the vector cell was marked as colonized (a
positive CA cell state) in TT1.

4. The following process was then repeated for each colonized cell in TT1 for the
number of cycles defined in the user input:

a. If current was defined as a parameter (this was the normal behavior using the
default parameter dataset), a normalized velocity factor (NVF) was obtained by
dividing 1 by the mean of all current velocity values in the PD. The NVF was
used later in processing when determining the influence of a particular cells’
current velocity when combined with the current weight value. For example, a
NVF of 1 meant that cell has an average ocean current velocity and a NVF of 2.5
means the current is two and a half times as strong as the mean velocity for all
parameter cells. Current direction was also obtained for the colonized cell from
the PD.

b. Records for all 8 cells surrounding the colonized cell (the CA neighborhood)
were selected and inserted into a temporary table (TT2) for further processing.

c. If ocean current was being considered, a weighted current score factor (WCSF)
was calculated by multiplying the velocity of the ocean current for the colonized
cell by the NVF. The WCSF was then multiplied by the current weight factor from
the user input giving a standardized score for ocean current. If the cell contained
a ‘multiplier’ factor (used to simulate a partial dispersal barrier in areas of
narrow geographic spread but high current flow, such as the Florida straits
between South Florida and the Bahamas), the standardized score was then
multiplied by this score. The score of down‐current cell (from the colonized cell)
in TT1 was increased by the weighted current score.
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d. The scores of the neighborhood cells (in TT2) were standardized to a value
between 0 and 1 by dividing the score of each neighboring cell by the sum of all
eight neighboring cell scores. Each cell was then assigned a number range from 0
to 1 based on the calculated number [Example: Cell 1 (Fig. 4 in Johnston and
Purkis (2011)) was given a value range of 0.0001 to 0.0148 based on calculations
in Table 1 in Johnston and Purkis (2011)]. This calculation ensured that the
relative probability of a cell being chosen in the next step (4e) was based on the
cumulative score of that cells parameter values.

e. A random number between 0 and 1 was generated (the stochastic variable).
The corresponding cell in the CA neighborhood whose range contained that
number was chosen as the infected cell (a positive CA cell state) in TT1. If the
mean current velocity for the vector cell was more than 5 times that of the NVF,
and current was being evaluated, then the cell was deemed a high dispersal cell.
Accordingly, if the down‐current cell from the vector was selected as an
infected cell, then the neighboring down‐current cell in the same direction

as

the vector current was also marked infected.

f. For the indicated cell(s), if one or more parameters were marked as a required
field and the cells parameter values fell within range for the required fields, the
cell was marked colonized as indicated with a red dot in the viewer. Infected
cells whose required parameter values did not fall within the input range were
marked transport cells and indicated with a yellow dot in the output and viewer.
If no parameters were marked as required, all infected cells were marked as
colonized.

5. Step 4 was repeated for the number of cycles as defined in the user input. Because
the cycle was repeated for every infected cell, the trajectory of each cycle (and for each

28

Chapter 2: Th
he Model
ce
ell) was ind
dependent of
o the prevvious cycle. The trajecttory therefo
ore was entirely
co
ontrolled byy the weight factors and parameter vvalues of thee neighborhood cells.

Fiig. 2.2 Model Simulatio
on Maps. BFFM simulatio
on output ffor a lionfish
h invasion b
based
on a south Florida
F
intro
oduction and a cycle tiime of 80 (A
A). Simulatiion output for a
Caulerpa taxxifolia invasiion based on
o a Gulf off Mexico in
ntroduction with a 60‐ccount
cyycle time (B).

29

Chapter 2: The Model
6. The output of the model was a list of latitude/longitude data points and the cycle in
which they were colonized. A .csv file was compiled by the software and a link emailed
to the address as specified in the user input.

7. Using the generated .csv file, the custom data browser was launched which displays
the relative location of each cell that was colonized (Fig. 2.2). This map utilized a Google
maps background to draw the points in clientside javascript code. Cells which were
defined as colonized in the output were drawn with a red dot, the rest were drawn with
a yellow dot. If no cells were marked as required in the input parameters, then all cells
were drawn with a red dot. The purpose of the browser viewer was to immediately
display the result of the model.

2.3.5 Obtaining a Best Fit Model (BFM)

The ideal method when utilizing Invasionsoft was to pattern‐match the results of the
model output to actual historical records of an invasion to obtain a Best Fit Model
(BFM). The input parameter values derived from this BFM could then be applied to a
different geographical location to show the theoretical progression of an invasion
starting at the selected introduction point. In invasions where no historical pattern was
available to pattern‐match, a BFM was not produced. A BFM was obtained by following
these steps:

1 Pattern match to obtain the initial BFM:
The lionfish invasion pattern follows a distinct set of ‘keynote’ events which somewhat
define the overall pattern of spread. These keynote events include: 1) The initial quick
spread north from point of origin on the Gulf Stream, 2) slow spread gradually south in
the Bahamas 3) introduction and spread in the mid‐Caribbean to the Yucatan and south,
and 4) eventual spread back to the Florida Keys. Through trial and error, or a
predetermined test grid of parameter values, simulations were to be created with the
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overall goal of obtaining a general visual pattern match based on a known historical
invasion sequence

2 Verifying and tuning the BFM:
Once an initial pattern‐matched BFM and resulting parameter input values was
identified, a series of simulations were to be created using the same input values to
further verify/tune the model (for the lionfish test case, 20 sample simulations were
created). From these sample simulations, an aggregate Receiver Operating
Characteristic (ROC) analysis was to be performed and resulting Area Under the Curve
(AUC) value calculated to account for false positive/false negative predicted sequences.
The ROC analysis was based on the actual order of progression of the historic invasion
into predefined quadrants verses the predicted progression from the model. This
process is described in more detail in section 2.3.6. Additionally, a Spearman’s Rank
Correlation Coefficient (SRCC) was to be calculated for the simulations to indicate
relative fit value for the model versus the actual historic pattern. An AUC value above
0.6 (where 0.5 is a random classifier) and high positive SRCC value (>0.5) indicated a
good fit (Rothlisberger and Lodge 2010; Tuite et al. 2011). Input parameter values
should be further adjusted to tune the model and obtain the highest possible AUC and
SRCC values.

2.3.6 Lionfish Best Fit Model (L‐BFM) Validation

In order to validate the L‐BFM, 20 identical simulations were created using the
parameter input values obtained from the L‐BFM. In order to evaluate the actual
invasion sequence against the USGS records, the colonized area was then divided into a
grid consisting of 5°×5° (approximately 500 km × 500 km) cells, based on the large
geographic area of the invasion, lack of current support for variable rates of spread, and
intent to depict general direction of spread and first occurrence sequences (a smaller
grid pattern could be used if examining a smaller scale model). Each cell was assigned a
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column and row number and the sequence of colonization for the USGS database
records was then recorded according to first occurrences in each of the 21 grid cells
containing lionfish (3 cells were excluded as extreme outliers). The sequence of invasion
was then recorded for each of the 20 sample simulations and the mean sequence value
calculated for each step. Finally a ROC analysis was performed, including an AUC
calculation. A SRCC value was also calculated comparing the actual invasion sequence
to the mean predicted sequence.

2.3.7 Caulerpa taxifolia Use Case Model Validation

For the C. taxifolia use case example, the software was used without examining a
historical pattern (ignoring the historical invasion sequence from the Mediterranean) to
show its predictive ability given a newly established invader. Because a BFM was not
used in the C. taxifolia use case using a historical invasion sequence, a probability
distribution of spread was produced by creating 20 simulations with the same input
parameters. The sequence of spread for each simulation was then recorded using the
5°×5° grid quadrants as defined when producing the lionfish BFM. To analyze the overall
pattern of invasion, the quadrants were summed across all simulations and counted for
the first 25 invasion steps. The quadrant with the highest count for each step was
selected as the overall best fit sequence. Next each individual simulation was compared
to the overall best fit sequence and scored based on fit for each step. The simulation
with the highest score was then selected as the most representative best fit sequence.
Finally, a null simulation model was produced using the same vector location and its
sequence analyzed. A SRCC value was produced comparing the test case best fit
sequence to the null simulation to evaluate any correlation.
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2.3.8 L‐BFM Test Case Results

For the lionfish test‐case, the L‐BFM was defined as the model whose output most
closely matched the pattern and temporal sequence of captures recorded in the USGS
database as well as the model whose validation resulted in an AUC > 0.60 and SRCC >
0.90. In the resulting model, upper and lower ranges for temperature, salinity, and
depth were set to the mean value ± 2 standard deviations, as determined by the
statistical analysis of the parameter data and presented in Johnston and Purkis (2011)
(26.5 ºC for temperature, 36.11 psu for salinity, 35 m for depth). A current weighted
value of 0.90 provided the best fit to the invasion pattern as described by the USGS
database. Salinity, temperature, and depth were weighted at 0.02 based on the 95th
percentile range for each parameter. A cell where salinity, temperature, and depth
values were not in range (mean value ± 2 standard deviations) was weighted at 0.01
(sum of weight factors have no correlation to 1).

In order to validate the L‐BFM, 20 identical simulations were created using the
parameter input values obtained from the L‐BFM. The mean order of invasion for each
step from these 20 simulations was compared to the actual order of invasion in each of
the 21 quadrants by performing a ROC analysis and calculating a SPCC value. From the
ROC analysis an AUC value of 0.65 was obtained (Fig. 2.3A), and with a one‐step error
margin (the step before and after the current step were evaluated for a match), this
value increased to 0.76 (Fig. 2.3B). The SPCC calculation resulted in a value of 0.97 (Fig.
2.3C). Also calculated was a SPCC value for a random trajectory from the same
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2.2A). From the results of the ROC and SPCC tests and overall pattern match, the model
results were deemed significantly better than can be explained by random chance.
Using the parameter values obtained from the LBFM, sample simulations were created
using two different origination points to demonstrate how the invasion would have
progressed if lionfish had instead been introduced to Gulf of Mexico waters near
Galveston, Texas, USA and waters off the north coast of Colombia (Fig. 6D and 6F in
Johnston and Purkis (2011)). Most simulations produced a similar end result after 70‐90
iterative cycles with lionfish established throughout the Caribbean, limited in north
latitudes by temperature and confined to depths of < 200 m. Most simulations,
regardless of the point of initial release, also predicted establishment throughout the
Gulf of Mexico and are therefore in agreement with predictions made by Schofield
(2010).

2.3.9 Caulerpa taxifolia Use Case Results

For the C.taxifolia use case example, a scenario was modeled without examining the
historical configuration of invasion to show how Invasionsoft can produce a non‐pattern
matched model. Since the strain of Caulerpa being examined relies on fragmentation as
a reproduction method, instead of releasing free gametes into the water column, less
emphasis (and thus a lower weight factor) was placed on current in the model.
However, current still has an influence in transport of fragments so likewise the weight
factor was set at a value of 0.50. The temperature range used was 10°C to 28.5°C (the
maximum value in the default parameter set) based on approximate lethal temperature
extremes in their introduced range (Komatsu et al. 1997). As temperature is one of the
only limiting factors of this invader, the weight factor used in the model was set
relatively high at 0.50. The depth range used in the model was a minimum of 2 m and a
maximum of 30 m, based on the observation that new colonies typically occur in waters
from 2– 20 m and large colonies regularly occur to 30 m. (Meinesz et al. 1993;
Boudouresque et al. 1995). Depth is perceived to be somewhat of a limiting factor as
35

Chapter 2: The Model
photosynthesis ceases to occur beyond the euphotic zone. As a result, the weight factor
used for depth was also relatively high at .50. Caulerpa taxifolia is a marine alga and
thus the salinity range used was 32–37 psu. This encompassed almost the entire range
of default parameter values for salinity present in the study area (31.060–37.203 psu).
Caulerpa taxifolia has been shown to be highly tolerant of low nutrient levels as well as
adverse lighting conditions (Delgado et al. 1996; Komatsu et al. 1997). It is likely that
salinity is not a limiting factor in the theorized introduced range; therefore, the weight
factor used for salinity was low at 0.02. A cell where salinity, temperature, and depth
values were not in range was weighted at 0.01. The model colonization sequence
produced by Invasionsoft indicated that an uncontrolled C. taxifolia invasion with a
vector location of 29.5° latitude and ‐88.5° longitude (off the coast of New Orleans,
Louisiana) would likely occur towards the east and south first, by fragments transported
on the strong loop current, followed by a gradual spread west (Fig. 2.2B). After 60
cycles, the simulation produced by Invasionsoft indicated spread into the entire Gulf of
Mexico, around the tip of Florida and north to the coast of New York where
overwintering temperatures would cause die‐off. Many Caribbean nations were within
the colonized area (as far east as the Dominican Republic) as well as the Yucatan
Peninsula and the northwestern South American coast.

2.4

Discussion of the Invasionsoft Model Outputs

2.4.1 Lionfish Test Case

In the lionfish test‐case scenario, neither depth nor temperature was shown as highly
influential (low weight values of 0.02) in the spread of lionfish larvae into new areas
within the L‐BFM produced by the Invasionsoft software. It is acknowledged that
temperature and depth are likely correlated; however any correlation was not
considered to be detrimental to the study case as the influence of these parameters on
the L‐BFM is minor. Additionally, over the last 25 years, awareness of the lionfish
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invasion has increased dramatically and likely has resulted in increased sampling
intensity in the affected areas, possibility introducing spatial bias to the USGS records
invasion sequence upon which the lionfish test‐case L‐BFM was based. Other test cases
where sampling was more tightly regulated likely would not have this spatial bias. The
resulting L‐BFM output map shows lionfish colonization in the most of the Caribbean
Sea, Gulf of Mexico, and the eastern shore of the United States north to Cape Hatteras,
North Carolina where winter bottom temperatures are likely to cause die‐off. This
northern most limit corresponds to major benthic structure and habitat changes and
was also found to be the likely northernmost limit for lionfish by Kimball et al. (2004).
Lionfish are known to utilize a large variety of habitats including mangroves, hard
bottom, artificial structures, deep reefs, and estuaries, all of which are encompassed in
predicted the colonization area (Whitfield et al. 2002; Barbour et al. 2008). Additionally,
although the algorithm did not contain a temporal component, each cycle represented
approximately 2.5 months spread in the lionfish test case (208 months/80 cycles). On a
large‐scale, the results indicated current was likely a major determining factor in the
distribution of lionfish larvae, however settling and survivorship of larvae was limited by
temperature and depth requirements in the study region. Of the 1,147 records
examined in the test case, only 1 was indicated from the Gulf of Mexico – north of
Tampa Bay in October of 2009. According to the L‐BFM produced by Invasionsoft, up‐
stream populations which are established throughout the Caribbean would likely seed
the Gulf‐region based on ocean current patterns and the high influence currents have
on the distribution of this species. Temperature, salinity, and depths along coastal
regions in the Gulf fall within lionfish tolerances as defined by the test case study and
supported by literature (Kimball et al. 2004; Schofield 2010). At the time of writing,
lionfish have been reported from the Florida panhandle, Alabama, Louisiana, and Texas
offshore waters indicating the invasion has progressed to these areas, as predicted by
the Invasionsoft model (Schofield 2010; USGS NAS database 2011).
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2.4.2 Caulerpa taxifolia Use Case

The model colonization sequence produced by Invasionsoft indicated a large area of
colonization throughout the Gulf of Mexico, east coast of the United States north to
New York, and many Caribbean nations. Of particular concern would be shallow shelf
areas, such as those off the west coast of Florida and northeast coast of Florida as
C.taxifolia has high affinity for shallow depths (< 50 m) (Meinesz et al. 1993). The results
of the SRCC analysis between the best fit sequence and a random sequence resulted in a
value of 0.85. This positive correlation was expected due to the sequential radial spread
of the model (cells closer to the vector having a much higher chance of initial infect than
further cells), lower current weight value used in the C.taxifolia case, and lack of
historical invasion pattern match to refine the model outputs. It should be noted that
models produced without a historical matching component are likely less precise than
those with, however these models can still provide useful insight to expected spread
patterns.

2.5

Enhancements and Progression of the Model

The initial ‘Invasionsoft’ version of the model failed to incorporate important life history
characteristics of an invasive species such as fecundity, age to maturity, mortality rates,
and larval duration period of the modeled fish larvae. Also lacking was a temporal
component, in that simulations were measured in cycles using yearly composite ocean
current data at a spatially limited scale of 100 km x 100 km. While this preliminary
model provided a relatively accurate forecast of high‐level connectivity, the model was
limited in scope and could not resolve processes which occurred at a finer‐scaled spatial
and temporal level. In order to more accurate forecast the incursion patterns of a
species it was necessary produce simulations at a more granular spatial scale and also
spanning a definitive time frame. To do this, it was essential to gather life history data
for the species being modeled from the literature and also to procure fine grained time‐
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stamped ocean condition data (such as ocean currents and temperature).

To

accommodate the improved and higher resolution parameter data, the model algorithm
was completely re‐written (while still maintaining the base CA framework and logic) to
forecast the spread of a species given these new parameters. The re‐write of the model
also transitioned the algorithm to a CA and agent‐based model, whereas the advection
of individual fish larvae was simulated, and the ‘Invasionsoft’ moniker was dropped.

The following section describes the algorithmic flow of the improved model. Some
studies used differing data resolution, datasets, and timeframes and also only a subset
of the parameters defined below. For each study, a section discussing the specifics of
the model implementation is included in the chapter. One study (Chapter 6) uses a
kernel count in place of individual larvae to represent a group of larvae moving
synchronously; however all other studies simulated the movement of individual larva.

2.5.1 Parameterization and Flow of the Enhanced Model

The following parameters were considered when running the model in its various
iterations, all of which contribute to the fecundity of a species, delineate tolerances of a
species to environmental conditions, and define the model domain.
•

Founder Population: The initial quantity of breeding individuals which initiate the
invasion.

•

Founder Location: The location of the founder population to initiate the invasion
sequence.

•

Cycles (months): The number of cycles the simulation iterates.

•

Grid Size: Parameter granularity of the model domain.

•

Propagule/Larval Duration (d): The approximate duration of larvae, from the
initial spawning to the eventual settling point.

•

Egg Duration (de): The approximate period of time spent as an egg.
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•

Female Proportion (f): This represents the ration of female‐to‐males for the
modeled species.

•

Propagule Mortality (Zp): The larval mortality rate for the propagule/larval
duration period.

•

Mortality (Z, Me, Ml, Mj, Ma): Mortality rate during the egg, larvae, juvenile, and
adult life stages.

•

Breeding Age: The minimum age (in months) at which an established adult fish is
eligible to contribute larvae to the model.

•

Propagule Quantity/Larval Quantity (q): The quantity of propagules/larvae per
breeding cycle per individual, defined in this study as viable larvae.

•

Kernel Count (see chapter 5): The number of kernels, representing multiple
tangible propagules/larva.

•

Sea Surface Temperature (SST) Tolerance: This value represents the range of
tolerance to SST for the modeled species.

•

Sea Surface Temperature Weight: The weight value which is used to represent
the influence of SST on the spread of the modeled species.

•

Chlorophyll Concentration (CC) Range (see chapter 4): This value represent the
range of tolerance to chlorophyll concentration for the modeled species.

•

Chlorophyll Concentration Weight: The weight value which is used to represent
the influence of CC on the spread of the modeled species.

•

Depth Range: Each species modeled varies in their depth distribution. This value
indicated the maximum depth range of the modeled species.

•

Depth Weight: The weight value which is used to represent the influence of
water depth on the spread of the modeled species.

•

Current Weight: The weight value which is used to represent the influence of
ocean current on the spread of the modeled species.

•

Breeding Cycle Begin/End: The beginning and end of the breeding cycle,
signifying which months breeding is likely to occur.
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•

Monthly Breeding Cycle: The number of times per month the study species
breeds.

•

Starting Month (SM): The start month of the simulation.

The first step towards creating a simulation with the enhanced version was to identify
the quantities and grid cell locations of breeding fish composing the entire simulated
population. At the onset of a simulation (as opposed to a subsequent simulation cycle),
the founder population was selected and a temporal timer started to track the total
simulation time. For the duration of the simulation, the timer records the date and was
incremented by 30 days for each successive cycle (representing one breeding pulse of
the modeled fish). The timer was queried throughout the simulation‐run to retrieve
time‐stamped ocean current data from a database of values. Next, the estimated
monthly adult mortality rate was applied to the entire population to reflect adult die‐off
(mortality) per month. For example, if an adult population comprises 1,000 individuals,
1,000 was multiplied by the monthly mortality rate of 0.052–mo to arrive at 52 fish that
died during the simulated month. The dead fish were removed from the simulation by
selecting 52 fish at random, with the remaining individuals eligible to contribute larvae
in the next iteration of the simulation.
Each individual adult female in the population was assumed to breed once per 30‐day
cycle, producing a defined quantity of larvae, demarcated as q. The survival rate to
adulthood (Sa) was calculated for every fish larva produced, but only the dispersal of
those larvae that survive to maturity was simulated to reduce computational overhead.
To calculate Sa, the algorithm starts with a 100% larval survival rate and then, using the
modeled fish mortality rates for each life stage (Me, Ml, Mj), decrements the rate each
day during the egg (de) and larval (d) duration periods. Next, juvenile mortality was
imposed per month spanning the juvenile‐to‐adult transition (a). Finally, the survival
rate calculated thus far was multiplied by the quantity of eggs produced per cycle by a
single fish (q), quantifying Sa. The calculation is summarized by the equation:
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Sa = ( Me de )( Ml d − de ) ( Mj a ) ( q )

In some studies, the proportion of female to male fish was considered. For example, the
proportion of male to female lionfish (f) is 1:0.85 (46% female). Therefore, to determine
the number of female lionfish (Sp, assuming a companion male lionfish as males are
more plentiful than females) which remain viable to breeding age, the number of
surviving adults was multiplied by the ratio of females using the equation:
S p = ( Sa × f

)

Sp represents the quantity of female larvae whose movement through the grid was
projected in the simulation.
Larvae move passively through the model grid on simulated water currents, and so
time‐stamped water velocity and direction were compiled for each cell in the fixed 2‐D
grid to allow spatial and temporal forecasts of their movements. The larva transition
time, in days, from one grid cell to the next was computed by multiplying the distance
between cells (using the geographic coordinates of the cell center) by the water velocity
measured in m/s. A stochastic component was included to resolve sub‐grid scale
processes, such as active larval movement, which were not captured by the model. A
larval timer, which keeps track of the date, was initiated at the onset of larval
movement and was used to track the total time that the individual larva transitions
through the grid.

The larval timer was also used to fetch the date‐appropriate

parameter values from the database for the cell that was occupied by the larvae at any
particular moment in time. In one study which examines the influence of hurricanes on
the distribution of lionfish (Chapter 7), if the larval timer date fell within a hurricane
storm season, and the simulation was flagged to utilize daily storm data, cell values for
ocean current data were selected from a daily dataset for the specific storm date.
Another study, which recreates the historical invasion of several snapper and grouper
species in Hawaii (Chapter 3), used daily ocean current and temperature throughout the
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Once the larval timer indicated that the larval duration period lapsed, the final cell
occupied by the larva was selected as a potential settling location. Next, ocean depth
and sea surface temperature (and chlorophyll concentration – chapter 4) were retrieved
for the cell to evaluate for suitable conditions in which the larvae were able to settle. If
habitable conditions existed in the cell, the cell was marked colonized with an individual
adult fish. The adult lay dormant until the breeding age was reached, at which time the
modeled fish began breeding on the next 30‐day simulation cycle.
The logic of selecting breeding adult fish, calculating survival of each spawned larva to
adulthood, forecasting larval advection through the grid, and settlement was repeated
for every viable (alive) female fish for the extent of the simulation and can be visualized
through in a flowchart (Fig. 2.4). The resulting data provided data‐stamped geographic
points of settlement of the modeled species that could then be summarized over space
and time in a GIS.
2.5.2 Model Caveats
It should be noted that computer simulations which mimic bio‐physical systems often
produce inaccurate results due to data omission, parameter limitations such as data
resolution, or flaws in the model logic. To abate potential errors, the life history traits
expressed by all of the fish modeled were harvested from the literature, though these
traits are naturally variable and cannot be treated as explicit. The values used in every
study are best‐estimates of the traits exhibited by example species. The model has
been thoroughly tested against variations in parameter input values and proven
sensitive to alterations in mortality rate (in the same manner as most fish population
models). However, this sensitivity does not adversely affect the dispersal patterns of
the species being modeled.
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Forecasting the Success of Invasive Marine Species; Lessons Learned

from Purposeful Reef Fish Releases in Hawai’i
3.1

Abstract

Eleven grouper, snapper, and emperor fish species were intentionally stocked in the
Hawai’ian Islands spanning the years 1955‐1961 to produce a new fishery. Within 15
years, three of the introduced species established self‐sustaining populations and eight
did not. One of the introduced species, Lutjanus kasmira, is now considered invasive.
This chapter reports on the results of a biophysical computer model which combines the
life history traits of the introduced species with prevailing oceanographic conditions in
Hawai’i, to hind cast the fate of the introduced fish. This comparative study is valuable
in providing numeric insight into the characteristics that predispose fish introduced
outside their native range to becoming invasive. Simulations created by the model
spanning the years 1955‐1970 succeeded to reproduce the historic distribution and
abundance of the three successful species and also replicated the failure of those fish
which did not establish. The results suggest that mortality rate, tolerance to water
depth, age to maturity, and the quantity of individuals released are the best predictors
of the establishment of the introduced fish in Hawai’i.
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3.2

Introduction

Stocking non‐native fish to bolster fisheries is commonplace in freshwater ecosystems
and, even if environmentally risky, in some cases is economically advantageous to the
fishing communities that they support (Copp et al. 2005). The State of Florida (USA), for
instance, introduced the butterfly peacock bass (Cichla ocellaris, native to Brazil) in 1984
to create a vigorous recreational fishery (Shafland 1995). Non‐native salmonids are also
regularly stocked as game fish in freshwater systems throughout the United States
(Krueger and May 1991). The purposeful introduction of marine fish outside their native
ranges is less common than in freshwater, though the literature is well‐furnished with
examples of mistaken marine introductions which have wrought disastrous
environmental consequences (Boudouresque et al. 1995; Rudnick et al. 2003; Albins and
Hixon 2011). The most completely documented case of a purposeful marine
introduction is from the Hawai’ian Islands. This introduction was affected in the 1950’s ‐
1960’s when thousands of snappers, groupers, and emperors, comprising 11 different
species, were released by the Hawai’i Division of Fish and Game (HDFG). The purpose of
this introduction was to create a recreational fishery and to fill a perceived depauperate
shallow‐water fish niche which was thought to be dominated by herbivorous fishes
(Gaither et al. 2012). However, the introductions failed to deliver on this promise with
only three of the eleven species becoming established (Schumacher and Parrish 2005).

Beginning in the year 1955, the fish were introduced into the wild over a period of six
years (Table S1 and Gaither et al. 2012). The location at which the fishes were stocked,
the species, and their numbers were methodically documented by the HDFG and their
spread was tracked through time (Gaither et al. 2012). Though their natural ranges are
large, the introduced fish were sourced from the Marquesas, Society, and Phoenix
Islands, with one species from Mexico (L. guttatus) (Gaither et al. 2012). Three species
succeeded at establishing reproductive populations in waters surrounding the main
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Hawai’ian Islands (MHI) within 15 years after their introduction; the blacktail snapper,
Lutjanus fulvus, the peacock hind, Cephalopholis argus, and the bluestriped snapper,
Lutjanus kasmira. Because of their meticulous documentation, the Hawai’ian
introductions provide a rare natural case‐study against which an understanding can be
developed as to why some marine species successfully colonize their introduced range
and why others fail to establish.

The motivation for this study was to examine the life histories of the introduced fish and
the oceanographic conditions which exist around Hawai’i in order to provide insight as
to the ocean environment and species characteristics which fore sought the success of L.
fulvus, C. argus, and L. kasmira, and the failure of L. gibbus, L. guttatus, C. urodelus,
Epinephelus faciatus, E. hexagonatus, E. merra, E. irroratus, and Lethrinus miniatus. The
study used a computer modeling technique, integrating the introduced species’
biological traits and physical ocean conditions (surface‐ocean current, temperature, and
depth) to replicate the invasion event in Hawai’i. Implementing the computer model
allows a reconstruction of the historic fish introduction in Hawai’i and suggests that
computer simulation can facilitate an understanding of the factors that conspire to yield
a successful marine invasion.

3.2.1 Chronology of invasion, fisheries, and ecosystem impacts

Five locations in Hawai’i were selected by HDFG as introduction sites, with the majority
of releases conducted offshore Oahu, an island centered mid‐way in the MHI (see Table
S1 in Gaither et al. 2012); however, the inductees did not remain confined to the MHI.
By the year 1992, L. kasmira reached Midway Atoll, a distance 2,000 km from its initial
point of introduction. By the year 2013, L. kasmira had proliferated across the entire
Hawai’ian archipelago as far as Kure Atoll, a span of 2,600 km (Gaither 2013). L. fulvus,
by contrast, remained limited to the MHI, contained within a range of only 600 km. C.
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argus, a grouper, was intermediately successful to the two introduced snapper species,
maintaining a distribution of approximately 1,200 km, traversing the MHI and extending
northwest to French Frigate Shoals (Gaither et al. 2012). Large‐scale migrations are not
known from L. kasmira, L. fulvus, or C. argus where they are indigenous, which suggests
that ocean current influenced the spread of the three species through the Hawai’ian
Islands, as has been documented for invasive lionfish in the Atlantic and Caribbean
(Friedlander et al. 2002; Johnston and Purkis 2011).

Despite the great abundance and fisheries potential of L. kasmira, local fishermen
consider this fish a nuisance, rather than a product for market (Friedlander et al. 2002).
L. kasmira is also now perceived as a threat to native ichthyofauna (Schumacher and
Parrish 2005). As a polyphagus predator, L. kasmira is well adapted to exploit varied
food resource gaps (perhaps also affording a competitive edge over other native fish
species in Hawai’i), though this advantage has not been documented in the literature.
As such, intraspecific competition for resources and habitat congruity were not included
as model inputs. Conversely, L. fulvus is considered a low threat to fisheries and marine
ecosystems in Hawai’i due to their low numbers (Schumacher and Parrish 2005). Recent
research, however, has found that C. argus is invasive and detrimentally impacts local
reef fish assemblages (Dierking et al. 2009; Donovan et al. 2013).

3.2.3 Life Strategies of the eleven fish species introduced to Hawai’i

In order to reconstruct the Hawai’ian invasion, it was necessary to gain an
understanding as to the life strategies of the fish that were released (Table 3.1). This
insight was necessary as the traits of the invaders, such as reproductive capacity, age to
maturity, and tolerances to ocean conditions, were used to parameterize the model
which was then implemented to replicate the historic invasion.
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Table 1. Life History Model Inputs. Life history parameters which are used in the
model to create simulations.
Depth
Range
(m)

PLD
(d)

Mortality
Sex
(Ml, Mj,
Ratio
Ma)

Maturity

Larvae
Qty ‐mo

20° C ‐
30‐35
28° C

0‐265

32 d

0.30 d‐1,
50%
0.024 m‐1

10 mo

187,360

L. fulvus

24° C ‐
0‐35
28° C

0‐75

30 d

0.28 d‐1,
50%
0.024 m‐1

10 mo

35,305

C. argus

20° C ‐
30‐35
28° C

0‐40

34 d

0.30 d‐1,
69%
0.046 m‐1

18 mo

262,604

L. gibbus

24° C ‐
30‐35
28° C

0‐150

32 d

0.32 d‐1,
50%
0.024 m‐1

12 mo

88,736

E.
hexagonatus

24° C ‐
30‐35
28° C

0‐30

34 d

0.32 d‐1,
69%
0.046 m‐1

18 mo

70,849

C. urodelus

24° C ‐
30‐35
28° C

0‐60

34 d

0.32 d‐1,
69%
0.046 m‐1

18 mo

262,604

Species

SST
Range

L. kasmira

Salinity
Range
(S)

Sources:
Rangarajan 1971, Thompson and Munro 1976, Suzuki and Hioki 1979, Allen 1985, Abu‐
Hakima 1987, Heemstra and Randall 1993, Vijay Anand and Pillai 2002, Zapata and Herrón
2002, Grandcourt et al. 2006, Erisman et al. 2010, Longnecker et al. 2013

L. kasmira, the most successful introduced fish in terms of contemporary densities and
distribution, is a small schooling lutjanid native to the Indo‐Pacific and Red Sea where it
inhabits shallow lagoons, coral reefs, and outer reef slopes to at least 265 m water
depth (Allen 1985). In its native range, the maximum length at maturity of L. kasmira is
30‐40 cm with an average age at maturity of 1‐2 years (Allen 1985). Thermal tolerances
of L. kasmira range from 20 ‐28° C (Allen 1985). Natural reproduction of L. kasmira is
poorly understood, though reproduction in aquaria has been documented by Suzuki and
Hioki (1979) and natural fecundity in the Andaman Sea by Rengarajan (1971).
Reproduction rates from these two studies parameterize L. kasmira fecundity in this
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study. L. fulvus, which also successfully established in Hawai’i, is another Indo‐Pacific
lutjanid with a maximum length of 40 cm, which, like L. kasmira, reaches sexual maturity
at 1‐2 years where it is indigenous (Allen 1985; Grandcourt et al. 2006). While its dietary
preferences are similar, L. fulvus prefers shallower environments than L. kasmira, being
reef‐associated to water depths of 75 m, with a thermal tolerance of 20 ‐28° C (Allen
1985). C. argus, the third successful fish, is a medium‐sized tropical grouper attaining a
maximum length of 60 cm at maturity inhabiting shallow lagoons and coral reef systems
to water depths of 40 m (Heemstra and Randall 1993). C. argus is wide‐spread in the
tropical Indo‐Pacific, Red Sea, and Eastern Africa, tolerating temperatures from 24 – 28°
C and is primarily piscivorous, with some predation on crustaceans (Heemstra and
Randall 1993). C. argus is targeted by commercial fishers in its native range. All three
species which successfully established in Hawai’i are pelagic spawners, with larval
advection via ocean currents, similar to the extremely invasive lionfish (Pterois
volitans/miles) (Johnston and Purkis 2011, 2014a).

The eight other fish species introduced to Hawai’i from 1955‐1961, in addition to L.
kasmira, L. fulvus, and C. argus, failed to establish breeding populations. Life history
data for the eight unsuccessful species are scarce, though all of the fish are small to
medium sized reef species native to the Western Tropical Pacific (with the exception L.
guttatus, from Mexico) and were chosen for introduction to Hawai’i for their perceived
fisheries value (Schumacher and Parrish 2005). In addition to L. kasmira, L. fulvus, and
C. argus, L. gibbus, E. hexagonatus, and C. urodelus were modeled to represent those
fish which did not establish, based on best‐available data of the unsuccessful species
(Table 3.1).
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3.3

Materials and methods

3.3.1 The biophysical model
Table 2. Physical Oceanographic Parameters. Physical oceanographic parameters
which define the model system.
Parameter Name
Resolution
Source and Description
A Hawaiian Regional Ocean Modeling System
(ROMS) dataset is used for ocean current and
SST (ROMS 2010). ROMS is a free‐surface,
Ocean Current, Sea 4
km hydrostatic, primitive equation model
Surface Temperature (interpolated discretized with a terrain‐following vertical
(SST)
to 1 km)
coordinate system. Boundary conditions are
provided by the 1/12° HYbrid Coordinate
Ocean Model (HYCOM).
Daily data were
assembled for the year 2011.
ETOPO1 is a 1 arc‐minute global relief model
of Earth's surface that integrates land
Ocean Depth
4 km
topography and ocean bathymetry (Amante
and Eakins 2009).
Life history traits (for the three established species and also the chosen three
unsuccessful species) were gathered from the literature to parameterize the model as to
the tolerances of each species to ocean conditions and their reproductive capacities
(Table 3.1). When necessary, trait values within reasonable ranges of closely related
species (fish in the same family or genus) were substituted when data for an individual
species were unavailable. Nearest‐neighbor interpolation was employed to grid ocean
current, SST, and ocean depth data to a parameter pixel size of 1 km × 1 km (Table 3.2).
As historical measures of physical oceanographic conditions from the 1950’s and 1960’s
do not exist for Hawai’i, ocean surface current and sea surface temperature data, both
which are relevant for fish species with buoyant and pelagic larvae/eggs, were selected
from a highly detailed and modern regional ocean model (ROM) dataset encompassing
the MHI (ROMS 2010). These baseline ocean current data were assembled on a daily
basis for an average proxy year (2011) for all model simulations (Fig. 3.1).
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3.4

Results

3.4.1 Population densities

Simulations produced for L. kasmira show a pronounced westerly population extension
from the introduction locations near the Island of Oahu (Fig. 3.3). The Hawai’ian
archipelago resides in the southern portion of the North Pacific Gyre, which circulates
clockwise. Accordingly, mean diffusion to the west was expected and, indeed, observed
in the simulation (Fig. 3.2). A secondary and more gradual eastward spread from Oahu
was observed for L. kasmira. In the simulation, larvae from L. kasmira first settled
Molokai (to the east of Oahu), then Kauai, followed by Maui, and finally the island of
Hawai’i. At the conclusion of the 15 year model‐run, L. kasmira was established
throughout the MHI chain (Fig. 3.3). In the simulation, L. kasmira was most numerous in
the waters surrounding Oahu, especially near the northern shore where the largest
quantities of fish were released.

L. fulvus followed a similar course as L. kasmira, first arriving in Molokai, followed by
Kauai and then Maui in the simulation. Dissimilar to L. kasmira, the diffusion of L. fulvus
was more gradual, though westerly progress was favored over spread to the east (Fig.
3.3b). Advection of L. fulvus to the east of the introduction locations was limited to mid‐
Maui, and L. fulvus was not noted from the Island of Hawai’i in the simulation. L. fulvus
was the least successful at colonizing the MHI in the simulations (confirmed by historical
records), with lower population densities as compared to C. argus (a population 90% of
C. argus), and L. kasmira (only 5% of the quantity of established L. kasmira). The highest
densities of L. fulvus were observed near the release sites near Oahu.

C. argus was the only species introduced to the island of Hawai’i (in the year 1956), with
additional individuals released in the waters of Oahu later in the year 1956 and also the
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year 1961.

As such, C. argus displayed a more widespread and dissimilar larval

advection pattern than L. fulvus and L. kasmria (Fig. 3.2b). At the end of the simulation
C. argus was most abundant near Oahu, with lesser quantities in the waters surrounding
Molokai, Kauai, and Maui. C. argus demonstrated the most numerous Island of Hawai’i
population, with a distribution limited to the western flank and southern tip of the
Island (Fig. 3.3c). Concluding the 15 year simulation, C. argus was found throughout the
MHI in lesser densities and quantity than L. kasmira (just 5% of the population of L.
kasmira) and greater concentrations and numbers than L. fulvus (10% more than the
population of L. fulvus), echoing the historical distribution witnessed post‐introduction
(Gaither et al. 2012).

Simulations produced for L. gibbus, E. hexagonatus, and C. urodelus resulted in
depauperate (<500 individuals for L. gibbus, < 200 for C. urodelus) or absent (C.
hexagontus) established populations.

The simulation results mirror the records

compiled subsequent to the actual introductions, whereas these three species failed to
attain viable breeding populations 15 years after stocking. Distribution maps were not
assembled for L. gibbus, E. hexagonatus, or C. urodelus due to their failure historically
and in the simulations.

3.4.2 Larval deposition and sensitivity testing

Patterns of larval transport on simulated ocean currents were tracked for L. fulvus and
C. argus, and larval advection maps produced for both to illustrate the diffusion of
larvae in the simulations (Fig. 3.2). As ocean currents are the dominant predictor of
transport for pelagic‐dispersed larvae (Siegel et al. 2008; Johnston and Purkis 2011,
2014b), and all species modeled propagate via pelagic‐dispersed young, the larval
diffusion patterns seen by L. fulvus and C. argus can illustrate general advection of
larvae for all species in the simulation. Larval flow was weakly concentrated in a west‐
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d. Spread distance, however, was truncated opposite the mean current gradient (east
to west) when Ml was greater and d longer. Dispersal distance was less affected by
shorter d when compared to lower Ml. When Ml or d were decreased, expansion of L.
fulvus intensified eastward against the mean current gradient (Fig. 3.4, 3.5).

3.5

Discussion

3.5.1 Predictors of successful establishment of L. kasmira, L. fulvus, and C. argus

The introduced quantities of L. kasmira (3,175) surpassed those of C. argus (2,385) and
L. fulvus (2,204), providing L. kasmira with a larger pool of reproductive individuals than
the other two fish species. Additionally, L. kasmira has a greater water depth tolerance
(to at least 265 m), as compared to C. argus (40 m) and L. fulvus (75 m) (Allen 1985).
The capacity to occupy greater depths plausibly allowed L. kasmira to take advantage of
habitat unavailable to C. argus or L. fulvus. L. kasmira is highly fecund, producing
145,260 larvae‐mo, which is greater than L. fulvus (35,305 larvae‐mo) but lower than C.
argus (262,604 larvae‐mo) (Allen 1985).

In a species displaying ecological release,

defined as the absence of natural predators or parasites which may affect the overall
health of a population, reproductive output may increase and growth is often
accelerated, which has been witnessed in Atlantic lionfish (Albins and Hixon 2011;
Darling et al. 2011). L. kasmira grows faster and larger in the Hawai’ian archipelago
than where it is native, which may signify a competitive advantage via ecological release
(Ralston and Williams 1988; Morales‐Nin and Ralston 1990; Work et al. 2010). As such,
the study used a reproductive age of 10 months for L. kasmira, which is slightly lower
than the documented age of maturity of 12 months where they are indigenous.
Younger maturation allowed L. kasmira in Hawai’i to reach full reproductive potential at
an earlier age than C. argus (18 months), wherein they produced greater quantities of
larvae faster. A more numerous initial reproductive pool, greater depth tolerance, high
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fecundity, and younger age to maturity collectively allowed L. kasmira to produce the
greatest population density and widest distribution at the end of the 15 year simulation
period, when compared to the other five species modeled (Fig. 3.3).

L. fulvus inhabits shallower depths (75 m) than L. kasmira, which decreases habitat
availability, and also exhibits a lower fecundity rate (Allen 1985; Longnecker et al. 2013).
Low fecundity reduces the reproductive output necessary to allow L. fulvus to populate
a limited habitat with greater larval settlement rate, which would have increased adult
populations in the computer simulation. Furthermore, an increase in size and faster
growth of L. fulvus in Hawai’i has not been noted in the literature. However, L. fulvus
occupies a similar trophic niche to L. kasmira, and as such, the model uses a maturity
age of 10 months for L. fulvus, the same value used for L. kasmira. Still, a faster
maturation rate than where they are native did not counterbalance the low fecundity
rate and limited habitat preferences exhibited by L. fulvus, which would have increased
population density and extent in a similar manner to L. kasmira in the study.

C. argus is also confined to shallow water depths (40 m or less); however C. argus
exhibits higher fecundity (262,604 larvae‐mo) as compared to L. kasmira and L. fulvus
(Thompson and Munro 1978).

Limiting this high fecundity potential is a longer

estimated d (34 days) and increased mortality (0.30 d‐1, 0.046 m‐1) when compared
alongside L. kasmira and L. fulvus, reducing the quantity of adult C. argus that survive to
adulthood in the simulations. An older age of maturity also increased the gap between
generations, further suppressing reproductive output and limiting the rate of dispersal
for C. argus through the model grid (Table 3.1). Stocking C. argus in the waters of the
Island of Hawai’i was advantageous to the spread of this fish. A persistent mesoscale
eddy (the Alenuihaha Channel Eddy ‐ ACE) is typically apparent to the southwest of the
Island of Hawai’i. The ACE draws surface water in a westward direction through the
Alenuihaha Channel, which separates the Island of Hawai’i and Maui (Fig. 3.1). C. argus
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larvae spawned by the Island of Hawai’i population were swept towards Maui on the
east‐west current, seeding this island with larvae (Fig. 3.2b). C. argus was the only
successful invader which was well represented on the Island of Hawai’i in the
simulation. Still, densities of the fish were lower than those of L. kasmira in the MHI,
which might coincide with the lower numbers of individuals introduced.

Simulations created for L. gibbus, E. hexagonatus, and C. urodelus did not result in
established breeding populations for any of the three species at the end of the 15 year
simulations, consistent with the historical failure of these three species to establish in
the MHI. In the study, L. gibbus, and E. hexagonatus exhibited very low remnant
populations after 15 years (between 200‐500 individuals), which were likely ecologically
unsustainable. All three of these species were introduced in lesser numbers than those
of L. kasmira, C. argus and L. fulvus, stunting the capacity of L. gibbus, E. hexagonatus,
and C. urodelus to establish sustainable populations. In addition, E. hexagonatus and C.
urodelusare are limited to shallow depths (<60 m), further restricting suitable habitat
(Allen 1985). L. gibbus is known to inhabit water depths of up to 150 m depth; however,
as a result of the low quantity of introduced individuals (177) and lower fecundity (as
compared to the highly successful L. kasmira), L. gibbus was likely unable to take
advantage of available habitat in the simulation.

3.5.2 Complex ocean circulation in Hawai’i affects larval diffusion

The “island effect”, whereas eddies are generated in the lee of a fixed oceanic barrier,
manifests itself in the ocean circulation surrounding the MHI (Fig. 3.1) (Jia et al. 2011).
As captured by the simulations, the presence of these eddies serves to disrupt
consistent and repeated larval deposition patterns. In the western Atlantic, home of the
introduced lionfish, consistent and swift ocean circulation patterns predominate. These
Atlantic currents transport lionfish larvae long distances (for instance, from south
61

Chapter 3: Forecasting the Success of Invasive Marine Species; Lessons Learned from
Purposeful Reef Fish Releases in Hawai’i
Florida to North Carolina, USA) in steady patterns, where they then concentrate and
mature into reproductive adult populations (Johnston and Purkis 2014). In contrast, the
introduced fish in Hawai’i display a more radial pattern of dispersal in the simulations,
likely due to weaker and more varied ocean currents than witnessed in the Atlantic.

The ACE was well‐formed in the ocean current data used in the model and successfully
served as a barrier to the flow of larvae of four study species between Maui and the
Island of Hawai’i. The blockage was largely due to westward water flow against the
radial eastward direction of larval advection. L. kasmira succeeded in overcoming this
obstacle in the simulation and established small adult populations on the island of
Hawai’i at the end of the 15 year simulation (Fig. 3.3). Historic records indicate that L.
kasmira reached the Island of Hawai’i during the first six years post‐ introduction (M.
Gaither, personal communication, January 29, 2014) and it is reasonable that the ACE,
and associated westerly flow of water between Hawai’i and Maui, was intermittent over
the years 1955 to 1970, allowing passage of fish larvae between Maui and the Island of
Hawai’i.

Contrary to L. kasmira and L. fulvus, C. argus was introduced to the Island of Hawai’i in
the year 1956, which allowed C. argus to populate the Island, despite the persistent
blocking ACE. Deposition of C. argus larvae spawned by the Island of Hawai’i population
shows a distinct circular pattern to the west of the Island in the simulation (Fig. 3.2b).
The circular pattern can be explained by the ACE which sweeps larvae away from the
coast and then traps them. Larvae caught in this eddy are deposited into deep waters,
which constitute uninhabitable depths, at the conclusion of the larval duration period
(d). Also of note, the ocean currents used in the study show a near shore sporadic
countercurrent along the northern shore of the Island of Hawai’i (Fig. 3.1, highlighted in
green). If this countercurrent was present from the years 1955‐1970, and the ACE was
intermittent for the same period, larval transport against the usual east‐to‐west current
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gradient flanking the Island of Hawai’i’s northern shore was likely, but was not observed
in the simulation.

The ocean current data used in the simulation are highly detailed (4 km resolution) and
based on a well‐calibrated and often used circulation model which captures the non‐
linear water circulation within the Hawai’ian archipelago (ROMS 2010; Jia et al. 2011)
(Fig. 3.1).

Given that the model used for the simulation has proven reliable to

distribution patterns when varying input parameters, an examination using the actual
in‐situ data could expectedly indicate the same species success and failure as this study,
though the extent of distribution may be different.

This distribution variation is

apparent in the study, as when compared to historical records, L. kasmira, L. fulvus, and
C. argus all established reproductive populations in the Island of Hawai’i waters,
whereas in the study simulations, only L. kasmira and C. argus displayed this proficiency
(Fig. 3.3). Even so, L. fulvus was the least successful of the three established inductees
in the simulation, an outcome which echoes their historical success.

It is acknowledge that congeneric and confamilial reef fishes in separate geographic
locations sometimes differ in traits related to body size such as fecundity, reproductive
age, and spawning dynamics. The availability and use of local empirical estimates of life
history traits would further diminish simulation errors, which unfortunately do not exist
for many of the modeled species. However, best‐available data from the literature were
used, and the values chosen lie squarely within documented ranges for similar reef fish.
This is reasonable, given the wide range of documented life history traits exhibited by
similar species to the eleven examined (Table 3.1). Many tropical reef fish show only
small gaps between reproductive cycles (Vijay Anand and Pillai 2002). As such, steady
and year‐round reproduction of the inductees for the duration of the simulated was
assumed as this is the best approximation to the documented breeding patterns of the
fish. However, it is worthy to note that many native Hawai’ian fish show cyclical
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reproductive cycles with peak production in late‐winter and spring‐summer (Walsh
1987).

3.5.3 Implications for other invasive species

From this examination, many notable circumstances propelled three marine species to
establish breeding populations in Hawai’i, exclusive of the others. First, introduced
quantities of the successful fish were greater than those of unsuccessful species. A
numbers advantage provided a distinct increase in larval output to those fish introduced
in large quantities, allowing greater larval settlement and more adults reaching
reproductive age, which then contributed offspring to sustain the breeding pool.
Secondly, high mortality of some species (L. gibbus, E. hexagonatus, and C. urodelus)
hampered reproductive output, further decreasing viable adults contributing larvae into
the environment. High larval mortality has vast implications on the density of settled
larvae and negatively influences the successful establishment of an invasive species
(Johnston and Purkis 2014). Sensitivity testing revealed that variations of Ml (larval
mortality) affected population densities of L. fulvus to the greatest extent at the
conclusion of the 15 year simulations, fortifying this supposition (Fig. 3.4, 3.5).
Variations in d had a lesser effect on overall dispersal and densities than changes in Ml;
however, longer d is directly tied to an increase in Ml. As such, a species which displays
low Ml, shorter d, and is introduction in large numbers, has a distinct advantage in
eventual establishment to those which are more prone to larval death or are minimally
stocked.

Ecological release may have enabled L. kasmira to grow larger and faster in Hawai’i (as
reflected by a younger age to maturity used in the model), and may play a role in the
success of other non‐native species in Hawai’i and other marine environments (Meyer
and Dierking 2011). It is also likely that other biotic or abiotic conditions, such as
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availability of food, also enabled L. kasmira to proliferate. Regardless of the reason for
faster growth, our simulations advise that a younger reproductive age decreases the
generational gap and contributes to the rapid spread of an invasive species, especially
when a species is highly fecund. The simulations propose that habitat limitations
arrested the spread of L. fulvus, C. argus, E. hexagontus, and C. urodelus into deep
waters, resulting in fewer breeding adults available to propagate a sustainable
population. Likewise, it is expected that a species with shallower depth limits will have a
disadvantage when contrasted with those that inhabit both deep and shallow waters.

Finally, the simulations evidence that introduction location and local water circulation
can greatly influence the spatial distribution of an introduced species. C. argus was the
only fish in the study which was stocked in the waters of the Island of Hawai’i, and as a
result, C. argus inhabited all of the main MHI to a greater extent that L. kasmira and L.
fulvus in the simulations. This phenomenon has also been witnessed in the Atlantic and
Caribbean, where a prime introduction location (South Florida) allowed the lionfish to
distribute larvae far and wide on a facilitative current, the Gulf Stream (Johnston and
Purkis 2011).

3.6

Conclusion

The Hawai’ian introduction of eleven fish species spanning the years 1955‐1961 was
unprecedented, providing an inadvertent biological experiment which lends insight into
what constraints led to the successful establishment by L. kasmira, L. fulvus, and C.
argus, and the failure of eight other fish species. The life history values and oceanic
parameters used in the study represent a best estimate of the biological traits which
were expressed by the introduced fish in Hawai’i as well as oceanic conditions
surrounding the MHI for the years 1955 – 1970. The study’s hind‐cast is one possible
scenario which may explain why some species succeeded and others did not. From the
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simulation results, larval mortality, larval duration, introduction quantities, age to
maturity, and water depth preferences all contributed to the successful establishment
of three snapper and grouper species in Hawai’i, giving insight into favorable
circumstances which may result in the establishment of an introduced marine species in
other locations.

Of these five conditions, decreased mortality (via decreased larval

mortality rate or shorter larval duration), combined with the quantity of individuals
released, were the most influential in eventual establishment of the successful
inductees. Finally, a broad tolerance to water depth (to 265m) and also younger age to
maturation conspired to make L. kasmira the most numerous fish in the simulations, as
is echoed in their contemporary densities and distribution in Hawai’i. The study data are
interesting because they inform as to what characteristics of introduced species have
the greatest impact on the successful establishment of breeding populations. The study
also proves that the biophysical model used is capable of reproducing a historic invasive
event, further validating the model’s utility for quantifying the spread of marine invasive
species.
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4.1

Abstract

The Indo‐pacific panther grouper (Chromileptes altivelis) is a predatory fish species and
popular imported aquarium fish in the United States which has been recently
documented residing in western Atlantic waters. To date, the most successful marine
invasive species in the Atlantic is the lionfish (Pterois volitans/miles), which, as for the
panther grouper, is assumed to have been introduced to the wild through aquarium
releases. However, unlike lionfish, the panther grouper is not yet thought to have an
established breeding population in the Atlantic. Using the proven modeling technique
developed to track the lionfish invasion, presented is the first known estimation of the
potential spread of panther grouper in the Atlantic. The employed cellular automaton‐
based computer model examines the life history of the subject species including
fecundity, mortality, and reproductive potential and combines this with habitat
preferences and physical oceanic parameters to forecast the distribution and periodicity
of spread of this potential new invasive species. Simulations were examined for
origination points within one degree of capture locations of panther grouper from the
United States Geological Survey Nonindigenous Aquatic Species Database to eliminate
introduction location bias, and two detailed case studies were scrutinized. The model
indicates three primary locations where settlement is likely given the inputs and limits
of the model; Jupiter Florida/Vero Beach, the Cape Hatteras Tropical Limit/Myrtle Beach
South Carolina, and Florida Keys/Ten Thousand Islands locations. Of these locations,
Jupiter Florida/Vero Beach has the highest settlement rate in the model and is indicated
as the area in which the panther grouper is most likely to become established. This
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insight is valuable if attempts are to be made to halt this potential marine invasive
species.

This chapter is based on:
Johnston MW, Purkis SJ (2013) Modeling the Potential Spread of the Recently Identified
Non‐Native Panther Grouper (Chromileptes altivelis) in the Atlantic Using a Cellular
Automaton Approach. PLoS ONE 8(8): e73023. doi:10.1371/journal.pone.0073023
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4.2

Introduction

4.2.1 Panther grouper in the Atlantic

The

panther

altivelis),

grouper

sometimes

(Chromileptes
termed

the

“humpback grouper” or “barramundi
cod”, is an exotic and potentially
invasive

species

that

has

been

documented seven times in the Atlantic,
with one report from the Gulf of Mexico,
since 1994 (USGS NAS 2013)(Fig. 4.1).
Six of the seven records from the
Atlantic were recorded in the last ten
years, indicating sightings of this species
are becoming increasingly common and
suggesting that this Indo‐pacific tropical
species has the potential to follow in the

Fig. 4.1
Records from the USGS‐NAS
indicating locations of panther grouper
captures or sightings.

footsteps of the lionfish and become the
next large‐scale invader of Atlantic waters.

4.2.2 Panther Grouper Species Profile

The panther grouper is an Indo‐pacific predatory fish species found in lagoons, hard
bottom habitats, and seaward well‐developed coral reefs, in depths up to 40 m (Sadovy
et al. 2008). The panther grouper attains a size of approximately 70 cm, a weight of 7.0
kg, and lives up to 19 years with a potential reproductive life of 17 years (females are
reproductively viable at a weight of around 1 kg, 15.5 cm, and 18 months) (Williams et.
al 2009). The panther grouper is a popular aquarium fish due to its white with black
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polka‐dot coloration as a juvenile and occupies a trophic level similar to native Atlantic
snapper and groupers (consuming small teleosts and crustaceans) (Sadovy et al. 2008).

4.2.3 Panther grouper in comparison to lionfish

The panther grouper shows many potential invasive characteristics and shares
ecomorphology and a breeding strategy similar to the efficacious Atlantic invasive
species, the lionfish. The panther grouper and lionfish are also both Indo‐pacific apex
reef predators (Hare and Whitfield 2003, Sadovy et al. 2008, Morris and Akins 2009).
Two of the USGS NAS panther grouper records indicate sightings of the same individuals
in the same location over a period of weeks or months, implying site fidelity ‐ another
trait in common with lionfish (Barbour et al. 2008, Jud and Layman 2011, USGS NAS
2013). Neither lionfish nor the panther grouper have been studied in detail in their
native range as they are relatively benign species. In contrast to lionfish, the panther
grouper is a protogynous hermaphrodite (Williams et al. 2009). In monosex situations,
such as may occur with an introduced population containing few individuals, the female
may transition to a male (Sugama et al. 2003). The panther grouper breeds year round
in captivity on a monthly cycle before and after the new moon, with a peak in natural
spawning between October and January (Sugama et al. 1999, Williams et al. 2009). Eggs
are buoyant and are broadcast, relying on currents for advection similar to the lionfish.
In a captive study, quantity of eggs produced ranged between .2 to 1.2 × 103 and
fertilized eggs hatched in about 18‐20 hours at a temperature of 28‐29° C (Sugama et al.
2003). Larval duration of the panther grouper is estimated to be around 40 days, which
is consistent with the range of larval duration values for marine fish estimated by
(Houde 1989) and the same as the similar native Atlantic soapfish grouper Rypticus
saponaceus (Bowen et al. 2006). Percentage survival of larvae until the age of 50 days
was highly variable, from 2.63% to 53.90%, in highly controlled artificial conditions
(Sugama et al. 2002). Larval mortality rates for wild panther grouper populations have
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not been documented. Table 4.1 compares the reproduction, vagility, and life strategies
of both species.
Table 4.1. Panther Grouper verses Lionfish. Comparison of life history and
reproductive traits of panther grouper and lionfish.
Life‐History
Panther Grouper
Lionfish
Characteristic
Trophic level

apex predator ‐ teleosts,

apex predator ‐ teleosts,

crustaceans

crustaceans
10 cm, 300‐400 g (Albins and

Adult size

70 cm, 7.0 kg

Longevity

19 years

Defenses

coloration

coloration, venomous

Site fidelity

likely moderate

high

Thermal tolerance

16° C

10° C

Breeding strategy

protogynous
hermaprodite

Reproductive age

18 months

Egg type

floating, broadcast

Larvae type

pelagic

Quantity of eggs

0.2 to 1.2 million

Breeding season
Breeding cycles per
month
Larval duration

Hixon 2008)
up to 30 years in captivity
(Barbour et al. 2011)

monogametic
12 months
floating, contained in a mucous
sac
pelagic
> 2 million annually (Morris and
Whitfield 2009)

year round with a peak

year round (Morris and Whitfield

October ‐ January

2009)

up to 4

40 days

up to 7.5 (Morris and Whitfield
2009)
20 to 35 days (Ahrenholz and
Morris 2010)
71

Chapter 4: Modeling the Potential Spread of the Recently Identified Non‐native Panther
Grouper (Chromileptes altivelis) in the Atlantic

A significant dissimilarity between lionfish and the panther grouper are the
morphological differences that lionfish exhibit from native Atlantic teleosts. Lionfish
morphology is completely unique with expansive, venomous striped pectoral and dorsal
fin rays – unlike any extant species in the Atlantic (Hare and Whitfield 2003).
Contrariwise, panther grouper share a body form and function similar to other native
Atlantic grouper species like the soapfish (Rypticus saponaceus) and marbled grouper
(Dermatolepis inermis). As such, the postulation is made that this unique lionfish
morphology lends a positive advantage in both predation and predator avoidance,
potentially negating any morphological‐based advantage in favor of the panther
grouper.

4.2.4 Motivation

This chapter presents a suite of simulated scenarios that describe the potential spread
of the panther grouper in the Atlantic, should a breeding population become
established, based on the model previously utilized studying lionfish and Hawai’ian
invasive reef fish. Using the modeling technique, this study is the first known prediction
of the potential spread of panther grouper in the Atlantic, presented at a critical time
before the establishment of a breeding population. The cellular‐automaton model
examines life history characteristics of the species, including fecundity, mortality, and
reproductive potential, combined with physical oceanic parameters, to describe the
spread of this potential new invasive species. The findings in this study are presented as
a first indication of the possible settling areas of breeding populations, given ideal
conditions, with the intent that this may be used as a guideline for monitoring and first‐
response efforts. As such, simulations were analyzed for 1,000 random locations within
1° of USGS NAS capture records of panther grouper to identify potential “hot spots” of
future establishment of the species. Should one or more breeding populations become
established in the study area, the work can be used to guide a coordinated response to
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a panther grouper invasion, as opposed to the ad hoc approach used for lionfish control.
Additionally, two case study locations were examined in detail; the Florida Keys, Florida,
USA (CSFK), and in Broward County, Florida, USA (CSBC). Herein is presented a potential
proposed timeline of the future spread of the panther grouper through the Atlantic,
including predictions for the sequence of invaded localities.

4.3

Materials and Methods

4.3.1 Processing Logic and Model Inputs

In this analysis, ocean current, depth, and sea surface temperature and chlorophyll
concentration were compiled as baseline data inputs to a scale of approximately 4 km in

Table 4.2 Model parameter inputs. Input values for all parameters considered in the
Model, including their source.
Parameter
Name
Value
Rationale
Source
Cycles
60
(months)
10 fold increase in
(Johnston and
Grid Size
6 Arc Minutes
granularity from previous
Purkis 2011)
lionfish study
Sea Surface
based on temperature
(Heemstra and
Temperature
16° C ‐ 32.820° C
extremes in their
Randall 1999)
Range
documented native range
parameter does not largely
Sea Surface
influence initial distribution (Johnston and
Temperature
.02
for a current‐dispersed
Purkis 2011)
Weight
species
chlorophyll concentrations
on two sections of the Great
Barrier Reef, a native
Chlorophyll
habitat for PG, indicated a
(Brodie et al.
.10 – 99.981 μgL−1
Range
mean concentration of
2007)
0.2μgL−1 and 0.54μgL−1 ‐
lower limit of 0.10 μgL−1
based on comparative
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concentrations in its native
Australia and similar
concentrations in the
Atlantic

Chlorophyll
Weight

.02

Depth Range

1 ‐ 40 M

Depth Weight

.02

Current
Weight

.90

Propagule
Duration

40 days

Propagule
Mortality (Zp)

0.2 d ‐1

parameter does not largely
influence initial distribution
for a current‐dispersed
species
known to inhabit lagoon
type areas and shallow reefs
to a depth of 40 meters;
parameter does not largely
influence initial distribution
for a current‐dispersed
species
parameter does not largely
influence initial distribution
for a current‐dispersed
species
the most influential
parameter to the spread of
similar invasive lionfish
durations documented by
(Houde 1989) and that of an
ecomorpholigically similar
native Atlantic soapfish
In marine teleosts, larval Zp
varies widely from 0.01 d‐1
to 0.69 d‐1 as reported by
(Houde 1989). As a default
baseline for the MODEL, a Zp
rate of 0.20 d‐1 is used
based on connectivity
studies reported by (Kool et
al. 2010), which are derived
from (Houde 1989). Given
the variability of larval
mortality rates reported in
captive populations
(Sugama et al. 2003), and
unknown wild mortality
rates, the rate chosen is a

(Johnston and
Purkis 2011)

(Heemstra and
Randall 1999)

(Johnston and
Purkis 2011)
(Bowen et al.
2006)

(Houde 1989,
Sugama et al.
2003, Kool et al.
2010)
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Breeding Age

Mortality (Z)

Propagule
Quantity

Kernel Count

Breeding Cycle
Begin/End

Monthly
Breeding Cycle
Starting
Month

reasonable proxy. This
same rate was used by (Kool
et al. 2010) to model
connectivity patterns, based
on a tropical damsel species
with pelagic larvae for the
Caribbean region.
documented in cultured
conditions at approximately
18 months
18 months and 15.5 cm
length
based on two locations in
.26 y ‐1
Australia, the Great Barrier
Reef and Torres Strait.
fertilization rates are
estimated at 0‐90% and
hatching rates usually
exceed 30% ‐ estimated
viable propagules per cycle
(25% × 200,000 (fertilization
15,000
rate) × 30% (hatching rate))
based on natural
reproduction, as opposed to
controlled breeding
situations in ideal
circumstances
20 ‐ resulting in a
larvae/kernel ratio of
20
0.0013 (approximately 750
larvae per kernel)
natural reproduction has
January/December been documented year
round
breeding occurs on a
monthly cycle around the
30 days
full moon; conservatively,
value has been set to one
breeding session monthly
January

(Williams et al.
2009)
(Williams et al.
2009)

(Rimmer 1999,
Sugama et al.
2002)

(Williams et al.
2009)

(Sugama et al.
1999)

arbitrary starting month
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the center of the study area. Also included were the temporal parameters of larval
duration, breeding age, and mortality to present a time‐scale of the likely spread
mechanics of an invasion.

This study employed the use of kernels, which are

representative units taking the place of finite quantities of individual propagules. This
technique is similar to methods used by (Kool et al. 2010), substituting lagrangian
movement with a cellular automaton approach.

Following is an examination of

parameters used in the model and their initial data sources (Table 4.2).

For the purposes of this study, the panther grouper was presumed contained for the
simulation duration to the Atlantic Ocean, Gulf of Mexico, and Caribbean.
•

Ocean Current (OC): The OC data used in the model were based on values from
the HYCOM ocean model (Chassignet et al. 2007). HYCOM is a compilation and
forecast of global ocean currents based on in‐situ measurements and remotely
sensed data. The measurements used in the model were granular to 1/12°
which is roughly 8 km at the center of the study. A representative year (2005)
was chosen as the basis for the model and monthly mean velocity and current
angle were compiled based on daily projected values.

•

Sea Surface Temperature (SST): Compiled SST estimates were based on MODIS
data. These remote sensing data were compiled to a level 4 km in the center of
the study area on a monthly mean basis for the representative year 2005.

•

Chlorophyll Concentration (CC): Compiled CC values were based on MODIS data
and were a proxy for primary productivity. Data were compiled to a level 4 km in
the center of the study area, on a monthly mean basis for the representative
year 2005.

•

Ocean Depth (OD): OD data were sourced from the ETOPO1 1 Arc‐Minute Global
Relief Model which combines bathymetry and topography data based on
underway hydrographic soundings and satellite altimetry estimates (Amante and
Eakins 2009). Data were compiled to a level of 4 km in the center of the study
area.
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4.3.2 Test Cases

To identify potential settling locations (“hot spots”) regardless of origination in southern
Florida, a composite simulation was created by selecting 1,411 points representing all
grid locations (at a scale of 6 arc minutes or roughly 10 km) within 1° of USGS NAS
panther grouper records (excluding the Gulf of Mexico record) and a water depth limit
of 40 m. From these locations, a random number generator was used to select 1,000
points. One simulation was then created for each position, eliminating bias as to the
exact introduction point. Two detailed test case scenarios were also chosen for closer
examination to demonstrate differences between a south Florida (CSBC) and Florida Keys
(CSFK) breeding population. A simulation duration of 78 months was deemed sufficient
to illustrate the initial spread pattern and provide settling location guidance for all
simulations. Table 4.1 shows the input values used for each model parameter with the
source of the data as noted.

4.3.3 Model Validation

In Johnston and Purkis (2011), an aggregate Receiver Operating Characteristic (ROC)
analysis and resulting Area Under the Curve (AUC) value was calculated to account for
false positive/false negative predicted sequences based on a best fit model. In order to
perform this analysis, a historical invasion pattern must be present. The USGA NAS
records for panther grouper likely indicate that the species has not yet established itself
in the study area, though it has been documented over a number of years. Likewise, the
study did not analyze a historical invasion sequence for this species (consequently a ROC
and AUC was not able to be calculated for this study) and relied on the USGS NAS
records solely to delineate potential sources of initial breeding population locations. To
test precision and demonstrate that the model is not purely random (the null
hypothesis, Ho), a probability distribution of spread was produced by creating 20
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simulations with the same input parameters for the two detailed case studies, CSFK and
CSBC. Ho, in this scenario, was defined as a simulation with purely random spread of
kernels based singularly on a stochastic variable. Ho simulations for each case study
were created by selecting the same origination points used in each study and running
the model excluding the influence of current, chlorophyll, depth, temperature, and all
fecundity parameters on the resulting spread. Ho simulations were run until all locations
in the study area contained established populations, allowing the temporal sequence of
each simulation to be analyzed. By eliminating all influencing variables, this presents a
truly random spread pattern from the origination point. Following the Caulerpa taxifolia
example in Johnston and Purkis (2012), the sequence of spread for each simulation was
then recorded using grid quadrants at a 0.5° × 0.5° scale. To analyze the overall pattern
of invasion, the quadrants were summed across all simulations and counted for the first
12 invasion steps (defined as establishment of a breeding population in one grid
quadrant) for CSFK (HFK) and 10 steps for CSBC (HBC). The number of steps reflected the
count of occupied grid quadrants common to all simulations in each respective case
study.

The quadrant with the highest count for each step was selected as the

representative cell for that step. Next, each individual simulation was compared to the
overall representative sequence and summed based on adherence to each step. The
simulation with the greatest sum was then selected as the Representative Model (RM).
To evaluate any relationship between the detailed simulations and Ho, a Spearman’s
Rank Correlation Coefficient (ρ), a standard metric to test correlation, was produced
comparing the RM to Ho in the same manner as (Johnston and Purkis 2012) where a ρ
value of one indicates a perfectly monotonically related result and a value of zero shows
no relationship. For an n of 12 for HFK, with a two‐tailed 0.05 significance level, a critical
value of 0.59 was selected based on n ‐ 2 degrees of freedom (df), and for an n of 10
(HBC), a critical value of 0.65 was designated based on Zar (1972). Finally, ρ values were
calculated for all 20 simulations in each model run between the individual simulation
and the appropriate RM to test correlation and significance, and a mean ρ value
computed.
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4.3.4 Sensitivity Analysis

Larvae survivorship in fish population models is inherently sensitive to small changes in
the larval mortality rate, resulting in a pronounced effect on larval recruitment (Houde
1989). Because larval survivorship for this species has not been documented in the wild
and mortality is likely one of the most variable and influential parameters in the study,
both case studies were modeled varying Zp ± 10% (values of 0.18 d ‐1 and 0.22 d ‐1), with all
other parameters equal, to test sensitivity to this parameter. Results from these 20
alternate simulations were analyzed in the same manner as the original studies. The RM
chosen for each alternate scenario was then compared to the case study’s original RM,
using the SRCC method to evaluate correlation of the invasion sequence steps, resulting
in a ρ value for each alternate scenario. This method conveys correlation of invasion
sequences for the alternate RMs to the original RM when mortality rates are varied.
Finally, settlement locations for each alternate scenario were summed and projected on
a map, illustrating relative settlement concentrations and patterns.
4.4

Results

4.4.1 Composite Simulation Case Study

Settling sites from the composite simulation study were summed per location and
projected on a map (Fig. 4.2). The composite simulation indicates three potential hot
spots, presented in order of relative potential for establishment; 1) the neritic zone
north and west of Jupiter Florida, centered near Vero Beach Florida (~ 27.250° N to
29.500° N to a depth of 40 m), where the Gulf Stream diverts from the coastline and the
continental shelf extends northward, 2) offshore South Carolina, centered near Myrtle
Beach with a northern limit just south of the Cape Hatteras Tropical Limit (CHTL), as
described in (Johnston and Purkis 2011) (~ 32.500° N to 34.850° N, ‐80.000° W to ‐
75.700° W in depths < 40 m), and 3) the lower Florida Keys extending into the Ten
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4.4.2 Case Study One ‐ Florida Keys, South Florida

CSFK assumed a breeding population of panther grouper in the Florida Keys. The USGS
NAS records presently indicate a large specimen recently captured in the Florida Keys
and the coordinates of 24.583° N and ‐81.217° W were chosen as an initial breeding
population location. CSFK agreed with the composite simulation regarding settling
points of larvae in the initial stages of an invasion. In this scenario, most larvae were
transported east and north on the Gulf Stream current, eventually settling in two
primary locations; 1) just south of the CHTL, and 2) north and west of Jupiter Florida
near Vero Beach (Fig. 4.2). From the model, and based on HYCOM current data, weak
meandering currents tended to concentrate larvae that have departed the Gulf Stream
near this location. OD, SST, and CC values in both locations were well within tolerances
for this species.

Due to the Florida Keys origination, CSFK also indicated a potential spread into the Ten
Thousand Islands area off the tip of south Florida, where all parameters are within range
for settling to occur. By year four, breeding populations existed at the CHTL, Jupiter
Florida/Vero Beach, and Florida Keys/Ten Thousand Islands locations according to the
model.

4.4.3 Case Study Two ‐ Broward County, South Florida

CSBC assumed a breeding population of panther grouper off the coast of south Florida in
Broward County. The coordinates of 26.217° N and ‐80.083° W were chosen as the
point of establishment for the initial breeding population as the USGS NAS indicates
several records near this location. CSBC indicated that two of the same locations (south
of the CHTL and Jupiter Florida/Vero Beach) have potential as settling points of larvae in
the initial stages of an invasion (Fig. 4.2). In this second scenario, most larvae were once
again transported north on the Gulf Stream current. Past the maturation period of 18
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months, settled juveniles occured near both the locations, and by year four, breeding
populations were established south of the CHTL and near Jupiter Florida/Vero Beach.
Spread into the Ten Thousand Islands area was not forecast by the model for this
scenario.

Fig. 4.3 Temporal‐spatial progression map. Map indicating the sequence and relative
month [sequence(month)] for the first 10 steps for a Broward County origin (A) and a
12 steps for a Florida Keys origin (B).
The model indicated initial settling of larvae (non‐breeding populations) 6‐9 months
after establishment of a breeding population in both CSFK and CSBC. The model predicted
breeding populations of panther grouper would develop first in the northernmost CHTL
settling point (month 20‐22), followed secondly by Jupiter Florida/Vero Beach (month
28‐31), and lastly, for CSFK, the Florida Keys/Ten Thousand Islands location (month 37)
(Fig. 4.3). In both cases, the northernmost limit for the panther grouper was likely just
south of CHTL, as overwintering temperatures drop below the predicted 16° C thermal
tolerance. This is slightly south of the projected potential distribution of lionfish, which
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have a documented tolerance to 10° C (Kimball et al. 2004). Also notable was the lack of
settling in the near‐shore neritic zone roughly north of Daytona Beach, Florida to the
CHTL, where winter SSTs drop below panther grouper tolerances. Due to strong near
shore currents from the Gulf Stream, limited settling occurred off the south Florida
coast between the upper Florida Keys and Jupiter Florida (Fig. 4.2).

Fig. 4.4 Spearman’s Rank Correlation Coefficient (SRCC) calculations.
SRCC
calculation with a ρ = 0.80 for CSBC when comparing 20 individual model runs (y‐axis)
to the RM (A), and ρ = 0.49 when comparing the RM (y‐axis) to Ho (B). SRCC with a ρ =
0.67 for CSFK when comparing 20 individual model runs (y‐axis) to the RM (C), and ρ =
0.49 when comparing the RM (y‐axis) to Ho (D). X‐axis indicates the sequential order
of establishment for the RM, and the y‐axis indicates the order of establishment for
each comparative simulation. Perfect correlation (SRCC of 1.0) is indicated by a point
lying precisely on the diagonal from bottom‐left to top‐right.
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Fig. 4.5 Sensitivity Analysis to Larval Mortality. Settlement rates of adult breeding
populations for panther grouper on a ‘hot’ (red) to ‘cold’ (blue) scale using Jenks'
natural breaks as class divisions. CSFK with a larval mortality rate of 0.22 d ‐1 (A), 0.18 d ‐
1
(B). CSBC with a larval mortality rate of 0.22 d ‐1 (C), 0.18 d ‐1 (D).
It has been shown that coral reefs of the Florida Keys and south Florida show weaker
connectivity to Bahamian reefs than would be expected based on distance alone, and
are rather more closely associated with the upstream Mesoamerican Barrier Reef
(Richards et al. 2007, Kool et al. 2010). Strong currents from the Gulf Stream act to
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transport larvae away from this area and also act as a barrier to conveyance across the
stream to the Bahamas as shown in the model and transition matrixes by (Kool et al.
2010). In the model lionfish case and as documented by USGS NAS records, initial
lionfish records in south Florida were recorded at least 10 years before those in the
Bahamas (Johnston and Purkis 2011). Accordingly, a crossover event did not occur in
the timeframe examined for the initial input values.

4.4.4 Model Validation

To validate the model, 20 identical simulations were created for CSFK and CSBC using the
parameter input values for this study (Fig. 4.4). The ρ value calculated comparing Ho to
each RM was 0.33 for HFK and 0.49 for HBC. Using a significance level of 0.05 and
resulting critical value of 0.59 (HFK) and 0.65 (HBC), correlation values for both models
proved to be insignificant when compared to Ho. When evaluating the mean of 20
simulation runs for each model compared to the representative RM, a ρ of 0.67 (HFK)
and 0.80 (HBC) were calculated, respectively. From the results of the significance tests,
the model showed no monotonical relationship to Ho and the mean of each model run
was significantly correlated when comparing to the selected RM.

These findings

indicated that the model is not purely random and repeated simulations using the same
inputs show highly similar and significant results.

4.4.5 Sensitivity Analysis

When plotted on a map and summed by location, the results for each variation of Zp (±
10%, 0.18 d ‐1 and 0.22 d ‐1) indicate the same general pattern of spread with the same
‘hot spots’ as observed in the original simulations (Fig. 4.5). This implies that pattern
and overall spatial distribution were not highly sensitive to Zp. The ρ values calculated
using an alternate Zp of 0.18 d ‐1 resulted in values of 0.63 (CSFK) and 0.86 (CSBC). Using a
significance level of 0.05 and critical value of 0.59 (CSFK) and 0.65 (CSBC), ρ values for
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both alternate scenarios proved to be significantly correlated to the original RMs. These
findings indicated that the actual pattern and sequence of spread was not greatly
sensitive to Zp when the rate is decreased. Contrastingly, stark differences were noted
in the count and concentrations of settled kernels, with a mean settled kernel count per
simulation of 48 (CSFK) and 17 (CSBC) at a Zp of 0.18 d ‐1 and 1071 (CSFK) and 506 (CSBC) at
0.22 d ‐1. This indicated that quantity of settled kernels, a proxy for recruitment in the
model, was highly sensitive to Zp and is in agreement with findings by (Houde 1989).
Also noted was a decrease in mean settlement month per step for both case studies
with an alternate Zp of 0.18 d ‐1, which was especially prevalent in the last few steps of
each invasion sequence. This result indicated that the projected invasions were gaining
traction towards the end of the simulations. The alternate CSFK, with a Zp of 0.18 d ‐1, also
displayed a potential crossover event to the Bahamas which was not projected in the
original simulations, indicating a lower Zp could result in spread to the Bahamas at a
faster pace (Fig. 4.5B). Lastly, ρ values were not calculated for a Zp of 0.22 d ‐1 as a result
of greatly reduced numbers of settled kernels in both case studies. As a result, these
scenarios were unable to reliably reproduce the step sequences displayed in the original
case studies. This also demonstrated the sensitivity in the model to Zp.

4.5

Discussion

The model indicated several key locations which present a high likelihood for retention
of larvae and the eventual development of breeding populations of panther grouper,
given the constraints of the model. Common to all case studies, just south of the CHTL
(a northernmost record of 34.817° N latitude was recorded in the model) near Myrtle
Beach and north and west of Jupiter Florida centered close to Vero Beach, are high‐risk
areas. The Florida Keys/Ten Thousand Islands location is seen as lower risk with lower
settlement rates. Based on the composite study, the highest likelihood of establishment
of a breeding population of panther grouper, regardless of introduction point, is north
of Jupiter Florida, centered near Vero Beach. The modeling outputs suggest that Vero
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Beach is to be the highest priority for monitoring efforts, followed by the Myrtle
Beach/CHTL and the Ten Thousand Islands area.

Based on the two individual case studies, a Florida Keys origin is most precocious as this
would provide a conduit to the west coast of Florida and the Gulf of Mexico. If the
invasion scenario follows the pattern documented by lionfish, this Florida Keys origin
would short‐circuit the progression stage sequence, allowing ingress of the panther
grouper into the Gulf of Mexico much sooner than occurred with lionfish (Johnston and
Purkis 2011). Based on life history and fecundity traits alone, it is likely that the lionfish
may be more suited as an invasive species in the Atlantic than the panther grouper,
however this does not preclude the possibility that the species will become established.
The supposition that it may be a less robust invasion process than occurred with the
lionfish is based on several key ecomorphological differences in panther grouper
(including lack of venomous defenses, similarity to native groupers, and familiarity of
predators and prey to the panther grouper body morphology) which are advantageous
to the lionfish.

As anticipated, and in accordance with studies by (Houde 1989), the model showed
sensitivity to Zp regarding concentration and quantity of settled larvae in both case
studies.

This is consistent with literature indicating that recruitment in most fish

population models display high sensitivity to larval mortality. Though this sensitivity
affects settling rates and likely timing of an invasion in the model, the predicted pattern
and location of high risk areas remained unchanged and are robust. Accordingly, the
maps produced are useful as baseline guides for early detection efforts. Lastly, it can be
anticipated that Zp above 0.22 d‐1 would greatly decrease the chances of a successful
invasion for the panther grouper, while lower Zp would likely increase the chance of
successful establishment in the study area.
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4.5.1 Potential Limitations of the Model

Numerical models examining complex systems, such as the marine environment, suffer
from uncertainty arising from the inevitable lack of a full understanding of the system.
Approximation or underlying data errors or fundamental flaws in the model itself can
introduce bias and undermine the model results. Acknowledging these limitations, this
study aims to reduce inherent uncertainty within the model by eliminating bias when
selecting origination locations and instead employs random locations within the study
area. Additionally, the two case studies presented were validated against Ho and tested
for precision using a standard metric, the SRCC. Sensitivity analysis was also performed
to test models robustness to variances in larval mortality.

While the panther grouper has been found in the Florida Keys and Broward County, this
does not confirm breeding populations. In both case studies, it was assumed that a
breeding population persists at the origins and the lag period that is sometimes present
with exotic invasions was ignored (Crooks et al. 1999). The model also overlooked
occasional continued introductions which may contribute to the population and
assumed neither infringement nor long‐distance movement (greater than the model
scale of 6 arc minutes) among sites of breeding populations. This species has shown site
fidelity, decreasing the likelihood for site relocation as an influencing factor in the model
results. The distribution of larvae was dependent upon passive movement of kernels
within the model, and no adjustment was made for possible local retention of larvae at
the origins. The model did not consider cyclical breeding cycles, though both peaks and
year‐round reproduction have been documented for panther grouper. While the model
has been validated in the case of lionfish using a historical pattern, an invasion history
was not present for the panther grouper. It is promising that the model algorithm has
shown predictive capabilities in a previous study with a species of similar feeding
ecology and breeding modality.

Additional studies involving potential fecundity,
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mortality rates, and tolerances of panther grouper in the Atlantic would be helpful to
adjust input values.
4.6

Conclusion

This effort presents a rapid‐response modelling study of the potential establishment and
spread of the panther grouper in the western Atlantic in order to direct early detection
and eradication efforts before the species has gained traction. The study identifies
three areas of concern for potential establishment of the species in the western
Atlantic, should a founder population occur in any location in the area examined
(extending from approximately 29° N to 24° N on the Atlantic side of Florida in waters <
40 m). These locations include; 1) just south of the Cape Hatteras Tropical Limit/Myrtle
Beach, 2) north of Jupiter Florida/Vero Beach, and 3) the Florida Keys/Ten Thousand
Islands location. As breeding populations are not yet thought to occur, it is suggested
that these three locations should be high priority for monitoring and early detection
efforts to prevent the proliferation of the panther grouper in the Atlantic. This study
gives an early indication of potential hot spots of establishment to guide detection,
containment, and perhaps eradication efforts.
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5.1

Abstract

The lionfish invasion in the Atlantic and Caribbean has proceeded with vigor since their
introduction in the 1980’s or early 1990’s. Lionfish affect recruitment of juvenile fish to
reefs due to predation and are found in densities far surpassing that of their native Indo‐
pacific. There is concern that the lionfish may become introduced and proliferate
(through aquarium releases, transport on floating debris, or passage through the
Panama Canal in ship ballast water) in the eastern tropical and north Pacific. This study
presents the first known prediction of the potential for establishment of lionfish in the
eastern Pacific Ocean. Through computational modeling, the dynamics of random
hypothetical introductions of lionfish into the eastern Pacific and Atlantic oceans were
compared and contrasted in order to highlight the different potentials for invasion in
both basins. Connectivity between discrete regions (precincts) in both the Atlantic and
eastern Pacific were examined and settlement densities were calculated to indicate
possible locations of establishment of breeding lionfish populations. The results suggest
that lionfish, which are successful invaders in the Atlantic, may not be as successful in
the eastern Pacific due to weak mesoscale connectivity which reduces the rapid spread
of lionfish larvae.

This chapter is based on:
‐

Johnston, M.W., Purkis, S.J. (2014) Lionfish in the eastern tropical and north Pacific; A
cellular automaton approach to risk assessment. Biological Invasions. 1‐15.
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5.2

Introduction

The invasive lionfish (Pterois volitans/miles complex) has spread rapidly throughout the
Atlantic, Caribbean, and Gulf of Mexico since its introduction to Florida waters in the
late 1980s to early 1990s (Whitfield et al. 2007; Freshwater et al. 2009; Schofield 2010).
There is concern that lionfish may be introduced to, and rapidly colonize, the eastern
tropical and north Pacific region of North and Central America (Williams et al. 2012).
For brevity, going forward these two regions will be referred to simply as the ‘Atlantic’
and ‘eastern Pacific’. Importantly, the question of whether or not the eastern Pacific
conveys comparable risk factors to the Atlantic for a successful invasion has not been
addressed to date. To prevent a widespread incursion of lionfish, such as that witnessed
in the Atlantic, data are urgently needed that delineate the spatial and temporal aspects
of a potential invasion, as well as possible high risk areas in the eastern Pacific, before
the event occurs. The motivation of this study was to detail the risk of lionfish invading
the eastern Pacific.

5.2.1 Lionfish in the Eastern Tropical and North Pacific

Connectivity studies by Kool et al. (2010) and genetic studies by Richards et al. (2007)
have shown that connectivity in the Atlantic is largely influenced by ocean currents and
Euclidian distance is not a good predictor of connectivity between reefs in the region.
Likewise, it is fundamental to examine the complexity of hydrodynamic currents in a
study area to determine how regional‐scale water movement influences the spread of
lionfish. As such, the pattern of spread of lionfish in the Atlantic can provide a baseline
for examining the mechanics of the lionfish invasion process in other locations.

Lionfish egg and larval duration times preclude the possibility of natural range extension
from the western Pacific to the eastern Pacific (Ahrenholz and Morris 2010); however,
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there are several plausible sources of introduction in the eastern Pacific. Similar to
south Florida, there are large cities adjacent to the eastern Pacific coast line of North
America that support a thriving pet industry (San Diego, Los Angeles, San Francisco) and
indeed, Williams et al. (2012) indicate that lionfish are a species of concern for
introduction to California waters through aquarium releases. Furthermore, Williams et
al. (2012) estimate that 11 million exotic marine animals intended for the aquarium
industry are shipped annually through the ports of San Francisco and Los Angeles.
Thirteen out of 102 marine species that are regularly imported have ended up in State
waters, with nine of these thirteen thought to be established (Williams et al. 2012). It is
thought that aquarium releases are the source of the Atlantic invasion (Semmens et al.
2004), and it follows that this mode of introduction is of high concern in the eastern
Pacific.

Another potential introduction point of a marine invasive species is through the pelagic
transport of hitchhiking species on marine debris. Bagulayan et al. (2012) identified the
2011 Tohoku tsunami as a potential source of marine invasive species in the eastern
Pacific, transported in debris on the North Pacific and California Currents. While marine
debris is common in the Pacific, the Tohoku tsunami introduced an estimated 24.9
million tons of material, including large structural components and vessels, which
contain artificial structure suitable for the transport of marine organmodels (Bagulayan
et al. 2012). In April of 2013, a small fiberglass fishing boat, thought to be Tohoku
tsunami debris, was found with several live fish (Oplegnathus fasciatus, a beakfish
native to Japanese reefs) living in a small onboard compartment, confirming transport
on floating debris as a potential pathway for fish introductions (Pappas 2012). While
lionfish have not been found utilizing the Tohoku tsunami debris field, they are known
to associate with artificial structure and are native to the western Pacific source area
(Jud et al. 2011).
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Lastly, introduction of lionfish into the tropical eastern Pacific through transport of
larvae through the Panama Canal in ship ballast water is a concern (Wonham et al.
2000).

Wonham (2000) reported 40 separate incidents of 32 fish species whose

introductions can be attributed to transport on ballast water. Of these 40 introductions,
7 were located in or near the Panama Canal and 11 were reported elsewhere on the
Pacific side of North America. The study also indicates 2 species of Scorpaenidea (the
same family as lionfishes) collected in the ballast water of ships traveling to North
America from Australia and Israel.

A recent modeling study of bioinvasion risk

associated with global shipping traffic identified the Panama Canal as one of three
global locations with the highest invasability (Seebens et al. 2013). Lionfish have spread
through the entire Caribbean Sea and Gulf of Mexico, and genetic studies have shown a
very strong founder affect associated with a small initial population, suggesting few
individuals were required to establish the population (Hamner et al. 2007). While
ballast releases are regulated by maritime law, an accidental or intentional discharge of
ballast water containing lionfish larvae on the eastern Pacific side of the Americas may
be the sole vector required for a new invasion. In addition, lionfish have proven
relatively cold and depth tolerant (10° C and 300 m), with these two parameters
appearing to be the only limiting factors in the Atlantic (Kimball et al. 2004; Albins and
Hixon 2011; Claydon et al. 2012). Given these confines, yearly temperature extremes in
the northeastern Pacific would, in theory, allow lionfish to overwinter as far north as 40°
N, or around Eureka, California (United States), though it is unclear if breeding would
occur at such a low temperature.

5.2.2 Study Motivation

This study compares and contrasts the dynamics of an invasion of lionfish in the Atlantic
and eastern Pacific, based on simulations created with an enhanced version of the
Invasionsoft Model (model) (Johnston and Purkis 2011). The model was founded on
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spatial and temporal analysis of the historical invasive spread trajectory of lionfish in the
Atlantic, as indicated by the USGS NAS database. Since it was reported on in detail by
Johnston and Purkis (2011), the intent of the comparison between the eastern Pacific
and Atlantic was not to reproduce the historic Atlantic lionfish invasion, but rather to
make a prediction as to whether a potential invasion in the eastern Pacific; 1) is likely
given the physical oceanic parameters (ocean current, depth, temperature) of the
eastern Pacific; 2) will proceed as efficiently and with the same pattern that transpired
in the Atlantic, based on the model method. To accomplish an invasability comparison,
random points were selected throughout both the eastern Pacific and Atlantic and
simulations created based on lionfish life history parameters derived from literature and
past modeling studies (Table 5.1). Following Kool et al. (2010), the resulting data were
analyzed and transition matrices created – a statistical construct employed to illustrate
medium‐duration (8 years) mesoscale connectivity between sub‐regions (at a scale of ≈
10km) ‐ to compare the eastern Pacific and Atlantic. This study presents the first known
assessment of the potential for establishment of lionfish populations in the eastern
Pacific.

Table 5.1 Physical Parameter Definitions. Physical oceanic parameters, their
definitions, resolution of the data, and source.
Parameter
Value
Rationale
Source
Name
8 years provided a sufficient amount
Cycles
of time to illustrate relative
96
(months)
connectivity dynamics between
different precincts
Johnston
10 fold increase in detail from
Grid Size
6 Arc Minutes
and Purkis
previous lionfish study
2011
Sea Surface
Temperature
Range

Documented thermal tolerance
10° C ‐ 32.820° (lower, no upper limit identified but
C
this is not seen as limiting) of lionfish
in their introduced range

Kimball et
al. 2004
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Sea Surface
Temperature
Weight

0.02

Based on previous values used
studying lionfish with the model

Johnston
and Purkis
2011
Albin and
Hixon 2011

Depth Range

1 ‐ 300 M

Known to inhabit depths down to 300
m. Influential in settling but not
spread mechanics.

Depth Weight

0.02

Parameter is influential in settling but
not spread mechanics of a current
distributed species

Johnston
and Purkis
2011

Current
Weight

0.45

The most influential parameter to the
spread of lionfish in previous studies

Johnston
and Purkis
2011

3 days

Documented egg duration of lionfish
in the Atlantic

Morris et al.
2011

Egg Duration
(de)

Propagule
Duration (d)

28 days

Mortality (Ze,
Zl, Zj, Za)

0.31 d ‐1

0.31 d ‐1
Mortality (Ze,
Zl, Zj, Za)
Porportion of
Females

0.165 m ‐1
0.052 m ‐1

46%

Ahrenholz
and Morris
Estimated mean larval duration of
2010;
lionfish in the Atlantic
Morris et al.
2011
McGurk
1987;
Estimated mortality rates of lionfish in Lorenzen
the Atlantic. These rates are assumed 1996; Kool
constant through space and time.
et al. 2010;
Morris et al.
2011
McGurk
1987;
Lorenzen
Estimated mortality rates of lionfish in
1996; Kool
the Atlantic. These rates are assumed
et al. 2010;
constant through space and time.
Morris et al.
Documented percentage of female
2011
lionfish in the Atlantic
Ahrenholz
and Morris
2010
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12 months

Documented maturation of lionfish in
the Atlantic

Ahrenholz
and Morris
2010

200,000

Estimate monthly quantity (rounded)
of eggs per female as documented in
literature

Morris et al.
2011

Founder
Population

3

Literature suggests a small founding
population for the Atlantic invasion
based on genetic studies

Hamner et
al. 2007

Breeding
Cycle
Begin/End

January ‐
December

Lionfish reproduce year round

Morris et al.
2009

Morris et al.
2009

Breeding Age

Propagule
Quantity(q)

Monthly
Breeding
Cycle

30 days

Breeding occurs as often as every 4
days. Propagule quanitity is based on
total quantity per month, so cycle has
been set to one month accordingly

Starting
Month

January

Starting month

5.3

Methods

5.3.1 Model Inputs

All physical parameter datasets used to parameterize the model were compiled to a
scale of 4 km × 4 km (Table 5.2), measured in the center of the eastern Pacific study
area, which is a 30 fold increase in parameter resolution over the study of Johnston and
Purkis (2012). The grid cell width used for the study was 6 arc minutes ( ≈ 10 km). As
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for Kool et al. (2010), each larva in the model underwent individual advection during
each simulation cycle to convey movement of larvae.

Table 5.2 Parameter Inputs Used in the model. Parameters, values, and original
sources of data used for both locations in this study.
Parameter Name
Resolution
Source and Description
The HYCOM ocean model is a forecast of
global ocean currents, based on remotely
10 km
sensed data and in‐situ measurements
Ocean Current (OC):
(interpolated (Chassignet et al. 2007). Monthly mean
to 4 km)
current values from HYCOM, spanning the
years 2004 to 2008 were used for this study
(HYCOM GLBa0.08 Monthly Means Project).
Moderate‐resolution Imaging
Spectroradiometer (MODIS)‐Aqua satellite
Sea Surface
4 km
climatological data (composite monthly mean
Temperature (SST):
values) for the years 2003 to 2012 were used
for this study.
ETOPO1 is a 1 arc‐minute global relief model
of Earth's surface that integrates land
Ocean Depth
4 km
topography and ocean bathymetry (Amante
and Eakins 2009).
The number of breeding individuals in the founder population is represented by the
founding population size (see Table 5.1 for a list of all parameters and their values).
These founder populations contributed larvae to the model on a monthly breeding cycle
(the number of times per month breeding occurs), beginning with the starting month
(the beginning month of the simulation). The quantity of larvae per individual lionfish,
and per model iteration, is indicated by larvae quantity (q), with egg duration (de) and
larvae duration (d) describing the period of time of larval suspension in the water
column from the initial release of eggs to the settling of larvae. To account for mortality
for all life stages, egg, larval, juvenile, and adult mortality (Ze, Zl ,Zj, Za) rates were used,
based on documented life stages of the lionfish, as described by Morris et al. (2011),
which is based on Lorenzen (1996) and McGurk (1987). In‐situ larval mortality rates for
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which
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n documentted mortalityy rates for m
marine pelagic teleost larrvae

Fig. 5.1 Simu
ulation
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Results of Jo
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ugh
22007), and 115 Year Com
mparison
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Pacific and A
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225.617° N and ‐80.083° W (c).
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by Kool et al. (2010) and Morris et al. (2011). Lionfish mortality rates, especially in the
larval stages, may be influenced by temperature; however a constant rate of mortality
was assumed based on examples in the literature. Breeding age, expressed in months, is
the month in which a settled juvenile lionfish transitioned to an adult and was able to
contribute larvae in the model. Simulations were created for a period of 96 months (8
years), and for each computational cycle (consisting of one month) the model used the
appropriate month when selecting ocean current and sea surface temperature values
using a timer. Though the Atlantic lionfish invasion occurred over a period of 20‐30
years, 8 years provided a sufficient amount of time to illustrate mesoscale connectivity
dynamics between different precincts in each basin, thus fulfilling the goal of the study.

Population dynamics within each grid cell were determined by the quantity of breeding
adults which settled in each cell throughout the simulation duration. Starting with an
initial cell and with a founder population of breeding individuals, larvae production was
determined based on quantity of eggs produced per individual. Variations in fecundity
due to temperature (perhaps due to limited food intake at low or high temperatures)
have not been quantified in literature for lionfish and as such, were not considered in
this study.

To verify that the model produced output consistent with previously validated findings
for the study period at a minimum, a representative simulation was created for a period
of 15 years, using the same parameter values as the Atlantic and eastern Pacific
simulations and a founder location of 25.617° N and ‐80.083° W. The representative
simulation founder location is near the likely origination point of the historic Atlantic
invasion in south Florida, and the 15 year timeframe coincides with the approximate
period of time from the onset of the lionfish invasion (in the early 1990s) until the year
2007 (Schofield 2010). The representative simulation was then compared to both the
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documented progress of lionfish in the Atlantic through the year 2007, based on USGS
NAS records, and findings by Johnston and Purkis 2011(Fig. 5.1).

5.3.2 Transition Matrix, Settling Rates and Precinct Designation

A focus of this study was to contrast the connectivity dynamics in both the eastern
Pacific and Atlantic. One way to accomplish that goal was to create a transition matrix
based on founder population locations plotted against the settling points of larvae.
Using the plot, if a founder population is discovered in the future, the matrix can be
used to identify locations of probable downstream settling points. To build the matrices
for the Atlantic and eastern Pacific, it was necessary to divide both basins into logical
precincts and select potential lionfish breeding population locations within each
precinct as origination points (founder populations) for running simulations.

To

accomplish the partitioning, both the Atlantic and eastern Pacific were divided into
similarly sized geographical units, following connectivity studies by Kool et al. (2010), to
yield 23 precincts in the Atlantic and 9 in the eastern Pacific (Fig. 5.2, Table 5.3). Within
each precinct, suitable locations for potential establishment of breeding populations
were identified by selecting those points that were within documented lionfish
tolerances for depth (300 m or less) and temperature (above 10° C) based on a 4 km
scale. Following Kool et al. (2010), these points were then ordered and shaded from
light to dark based on prevailing currents (Fig. 5.2).

From all suitable locations in each precinct, a random number generator was used to
select 10 points per each precinct in both the Atlantic and eastern Pacific, resulting in a
total of 90 locations in the eastern Pacific and 230 in the Atlantic (Fig. 5.3). Random
locations were used to eliminate location bias, such as may occur if locations were hand
selected. Each of these points was then designated as a starting founder location for
creating simulations within the model. Settlement densities (designated as ρi/l) of
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precincts with the highest ρi/l were Puerto Vallarta (0.315 i/l), Panama (0.235 i/l), and
Baja California (0.101 i/l). South America (SAM) and Southern California (SCA) had the
least number of settled lionfish, though spread into the Panama precinct from SAM was
apparent from the transition matrix (Table 5.3, Fig. 5.5). The resulting transition matrix
for the eastern Pacific indicated relatively low interconnectivity between precincts, as
shown by a concentration of points lying along the plot diagonal with very little spread
into adjacent or disparate precincts (Fig. 5.5a).

A low‐connective pattern is largely

symptomatic of shorter transition distances of larvae in the model. None of the
simulations in the eastern Pacific showed spread beyond one adjacent precinct.

5.4.2 Atlantic Simulations Report High Interconnectivity and Dispersal of Lionfish

Simulations created in the Atlantic resulted in a mean lionfish ρi/l of 0.011 i/l for all
precincts. The precincts with the greatest mean settlement densities were the Northern
Bahamas (0.269 i/l), Cuba North (0.226 i/l), Middle Bahamas (0.177i/l), and Florida Keys
(0.158 i/l) (Table 5.3). Atlantic simulations displayed a much greater degree of overall
disparity (than the eastern Pacific) between founder location and settling points as
indicated by vertical lines spanning multiple precincts (composed of composite settled
points per founder location) in the Atlantic matrix (Fig. 5.5b).

The founder

location/settling point disparity illustrates high interconnectivity between precincts,
with some of the strongest linkages occurring among the Florida Keys and mid‐Atlantic
and Carolina precincts; known lionfish hotspots (Semmens at al. 2004). Also prevalent
in the matrix is strong connectivity within the three Bahamas precincts and Cuba North,
and a relationship between the Mesoamerican Barrier Reef (MBR) and Yucatan
precincts with the eastern Gulf of Mexico and Florida Keys/mid‐Atlantic/Carolinas
complex, as also reported by Kool et al. (2010). Genetic studies have shown that weaker
connectivity may occur between precincts in otherwise close proximity and is the case
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with the Florida Keys, which are more closely associated with the upstream MBR than
Bahamian reefs (Richards et al. 2007, Kool et al. 2010).

Table 5.3 Settlement Density by Precinct. Precincts and their respective settlement
densities. Highlighted are the three highest settlement rates for each basin.
Mean
Mean Settled Per
Available
Basin
Precinct
Code
Settled Per
Simulation
Locations
Location
Atlantic Florida Keys
FLK
2,193
13,911
0.158
Atlantic Mid‐Atlantic
MDA
3,660
65,642
0.056
Atlantic
Carolinas
CAR
1,220
54,513
0.022
Atlantic
Bermuda
BER
30
1,074
0.028
Northern
Atlantic
Bahamas
NBA
3,256
12,105
0.269
Western
Atlantic
Bahamas
WBA
4,244
46,246
0.092
Eastern
Atlantic
Bahamas
EBA
5,448
38,097
0.143
Mid‐
Atlantic
Bahamas
MBA
2,312
13,058
0.177
Atlantic Cuba North
CBN
3,211
14,199
0.226
Atlantic Cuba South
CBS
8,042
347,110
0.023
Haiti/Domin
Atlantic
ica
HAD
2,294
167,511
0.014
Atlantic Puerto Rico
PUR
908
86,112
0.011
Lesser
Atlantic
Antilles
LAN
475
182,613
0.003
South
America
Atlantic
East
SAE
6,601
969,014
0.007
South
America
Atlantic
West
SAW
7,459
423,815
0.018
Atlantic
Panama
PAN
2,017
102,516
0.020
Central
Central
Atlantic
America
CCA
7,252
966,617
0.008
Atlantic
Jamaica
JAM
103
133,218
0.001
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Atlantic
Atlantic
Atlantic

Atlantic
Atlantic
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific

Meso‐
american
Barrier Reef
Yucatan
Mexico
Western
Gulf of
Mexico
Eastern Gulf
of Mexico
Northern
California
Southern
California
Baja
California
Sea of
Cortez
Puerto
Vallarta
Central
Mexico
Central
America
Panama
South
America

MBR
YUC
MEX

5,331
9,961
4,701

302,519
1,516,620
395,921

0.018
0.007
0.012

WGM

8,719

1,223,922

0.007

EGM

10,107

1,656,923

0.006

NCA

372

15,071

0.025

SCA

174

13,682

0.013

BCA

5,113

50,423

0.101

SOC

3,631

64,474

0.056

PVA

5,701

18,115

0.315

CMX

732

10,296

0.071

CAM
PAN

7,056
6,933

76,907
29,438

0.092
0.235

SAM

215

19,019

0.011

5.4.3 Comparison of Eastern Pacific and Atlantic Simulations

Connectivity between precincts over the study period was highest in the Atlantic
simulations (Fig. 5.5). Only 9% of precincts (2 out of 23) in the Atlantic displayed
isolation, defined as larvae that did not settle outside of their founder precinct, with the
balance showing some level of connectivity to other precincts. Some precincts, such as
the Florida Keys and the four Bahamas locations, show high connectivity to other
precincts. In contrast, 44% of precincts in the eastern Pacific (4 out of 9) displayed
nearly complete isolation, indicating low interconnectivity.

Also indicative of low
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dispersal, zero locations displayed dispersal past one neighboring precinct in the eastern
Pacific. Settlement densities were comparatively higher for most units in the Pacific
(mean settlement density of 0.101 in the Pacific versus 0.011 in the Atlantic), which was
indicative of greater regional retention in the model (Table 5.3). Atlantic settlement
rates were lower, which can be explained by a more dynamic environment where larvae
are ‘flushed’ away from their origins by currents. The maximum settlement rates of
lionfish per precinct were comparable between the eastern Pacific and Atlantic (0.315 i/l
and 0.269 i/l).

The results of the representative model produced by the enhanced model (Fig. 5.2c)
mirrors both the results of Johnston and Purkis (2011) (Fig. 5.2a), as well as the USGS
NAS lionfish records, through the year 2007 (Fig. 5.2b), further validating the model.

5.5

Discussion

The modeling study results for the eastern Pacific versus the Atlantic are interesting as
they give two, very different, examples of lionfish invasion dynamics. The Atlantic
historical invasion sequence of lionfish has proceeded swiftly, likely fueled by an ideal
combination of biogeography, availability of founder populations (the south Florida
metro‐complex), biotic factors of the species, and a dynamic and conducive physical
environment. The results of the modeling scenario presented elucidate the connectivity
mechanics behind the invasion and indicate that environmental parameters,
predominately strong hydrodynamic currents, likely facilitated the rapid spread of
lionfish in the Atlantic.

As shown by larval densities in the model, the highest lionfish settlement rates in the
Atlantic occurred in the Florida Keys, the Bahamas, and northern Cuba. Recent studies
by Ruttenberg et al. (2012) indicate that rapid colonization of the Florida Keys by lionfish
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has occurred, with the Bahamas precinct displaying a similar increase in occurrence and
density since 2004 (Green and Côté 2009; Albins and Hixon 2011). While the Florida
Keys and Bahamas are geographically near the likely origination point of the lionfish
invasion (south Florida), the Florida Keys and Bahamas are upstream and more distant,
hydrographically, from south Florida. This connectivity separation is confirmed by the
results of this study, genetic studies by Richards et al. (2007), and connectivity studies
by Kool et al. (2010).

Fortunately, hydrographic dynamics favorable to the rapid spread of lionfish do not
appear to exist in the eastern Pacific. Dominant currents are much weaker in the area
examined than those in the Atlantic and vary seasonally in their trajectory. Meandering
seasonal ocean currents in the Pacific disrupt repetitive patterns of lionfish larval
transport to distant locations, resulting in a slower and more radial spread pattern. The
pattern seen in the Pacific is very unlike the larval spread dynamics witnessed in the
Atlantic, where repetitive and distant transport of larvae was commonly observed
across many precincts. Long‐distance larval dispersal seen in the Atlantic resulted in a in
a stepping‐stone effect where subsequent generations were geographically distant from
their initial source populations, enabling their rapid spatial spread. This stepping‐stone
pattern was not observed in the Pacific. Additionally, ocean temperatures in the upper
portion of the eastern Pacific are close to the thermal limits of lionfish in the Atlantic,
potentially affecting species hardiness, fecundity, and survivorship.

Based on the

study’s findings, the prediction is made that a similar and extensive incursion of lionfish
in the eastern Pacific is not likely to occur.

The study results do indicate two precincts in the eastern Pacific, Panama (PAN) and
Puerto Vallarta (PVA), where local retention of lionfish larvae was highest and
conditions were conducive for settling based on the model. Of these two precincts,
Panama is of greatest concern due to its proximity to the Panama Canal and high
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bioinvasion risk from ballast water transport of Caribbean lionfish larvae (Seebens et al.
2013). Additionally, those locations near high population centers, such as the San
Francisco Bay area, Los Angeles, and San Diego, California, USA locations, are at risk due
to increased likelihood for aquarium releases. While the Panama Canal and precincts
near large population centers may be at higher risk for invasion, these precincts did not
show high spread rates when compared to locations in the Atlantic such as the Florida
Keys/mid‐Atlantic/Carolinas complex.

SST data for this study were compiled as mean monthly values for the years 2003‐2012
based on historical Moderate‐resolution Imaging Spectroradiometer (MODIS) data. As
the exact timing of a potential introduction is not known, this 10 year mean was used to
forecast an invasion at any point in the future, exclusive of significant future
climatological change. Likewise, ocean currents were averaged over a period of 5 years
based on the HYCOM ocean model (Chassignet et al. 2007). Minimum SST temperature
limits in the model were based on the acute instantaneous death threshold as
documented by Kimball et al. (2004). The minimum SST temperature used in the study
may be higher or lower than in‐situ values in any given month, but can provide an
accurate assessment for an average year based on historical means. Lower minimum
SST temperature values, which may be present in oceanographic features such as cold
water upwellings or other climatological anomalies, would further limit survivability in
both the Pacific and Atlantic. These anomalies were not included in the model, and
therefore an under‐ or over‐estimation of in‐situ SST and ocean current values, and their
result on the invasion sequence of lionfish, may occur when using these results in a year
where such anomalies are present. The results provide a baseline for forecasting an
invasion in an average year.

Whitfield et al. (2007) suggested that the historic lionfish invasion in the Atlantic was
facilitated by overfishing of species in a similar trophic niche as lionfish. Competition for
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food in the Pacific was not a parameter considered in the model, and would likely
increase adult mortality rates. The model has shown sensitivity to mortality rates when
forecasting the spread of Cromileptes altivelis in south Florida (Johnston and Purkis
2012), a finding which is consistent with Houde (1989) and fish population models in
general. This sensitivity resulted in a reduction of larval densities and also increased the
timing of a possible invasion event; however the spatial spread pattern of larvae was
consistent. Likewise, increased mortality rates (due to competition) at any life stage for
lionfish (egg, larval, juvenile, or adult) in the Pacific would further decrease larval
densities and increase the timing of an invasion event, with a lessor effect on the spatial
extent.

Computer models which examine complex biological and physical systems contain
varying degrees of uncertainty due to unforeseen influences in the system or introduced
errors in the model. Logical flaws or limitations, due to resolution of parameter data,
for instance, is also of concern and can bias the results. The study assumed a ‘worst
case’ scenario in which lionfish breeding populations in founder locations persisted for
the eight year study period, and that breeding occurred year round, despite possible
thermal depression of reproductive output which may have occurred during periods of
low temperature. Lag period, (a period of low number of individuals, followed by a
rapid rise in population) which is usually present with exotic invasions, was not factored
(Crooks et al. 1999). Neither did the model account for adult movement among sites,
passive larval transport, nor local recruitment, other than that which can be described
by larval distribution patterns dictated within the model. Despite these limitations, it is
encouraging that lionfish exhibit high site fidelity and produce current‐distributed
larvae, potentially limiting these factors as influential to the model results. The model is
not an all‐encompassing model, and therefore did not consider ecological factors such
as predation, prey naivety, fishing pressure, or parasitism, which may be factors that
affect lionfish population dynamics (Mumby et al. 2004; Hackerott et al. 2013; Albins
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and Hixon 2011; Albins and Hixon 2012). The study results are intended to supplement
other studies which are focused on these critical aspects of invasion biology.
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Why this is Unlikely to Occur
6.1

Abstract

The Atlantic invasion of Indo‐Pacific lionfish (Pterois volitans/P. miles) has been as swift
as it has been disastrous. Lionfish are non‐native to the Mediterranean, but an invasion
is perhaps even more likely than for the Atlantic. First, as for the Atlantic, there are
many major cities on the coast of the Mediterranean (where aquarium‐keeping is a
common practice and chances of accidental and deliberate releases are high), and
second, lionfish are native to the Red Sea, to which the Mediterranean is connected via
the Suez Canal. Furthermore, there have already been four records of lionfish in the
Mediterranean and so the pretext for an invasion is already in place. Up until now,
however, it has been difficult to gauge the likelihood of an infestation of lionfish in the
Mediterranean as, unlike the Atlantic, this sea has not been examined in terms of its
hydrodynamics, ocean climate, and bathymetry, all factors known to be relevant to
assessing the possibility of invasion. Motivated by this knowledge‐gap, this study used
remote sensing and computer modeling to investigate the connectivity between areas
along the Mediterranean coastline that fulfill the necessary physical criteria to serve as
potential lionfish habitat. Model results from the Mediterranean were compared and
contrasted to those from the Atlantic and eastern Pacific. The Atlantic was considered
because the lionfish invasion there has been voracious. Meanwhile, the eastern Pacific is
interesting as a site without native lionfish, but with plenty of opportunity for their
introduction, but no invasion yet recorded. Results indicated that, unlike in the Atlantic,
connectivity among potential lionfish habitats in the Mediterranean was low in the
study and comparable to that in the eastern Pacific. Although oceanographic conditions
112

Chapter 6: Are Lionfish Set for a Mediterranean Invasion? Modelling Explains Why this is
Unlikely to Occur
in the Mediterranean were found unfavorable for wide dispersion of lionfish larvae,
hotspots where numerous lionfish sightings would forewarn an impending invasion
were identified.

This paper can therefore serve as a guide to the most efficient

monitoring of lionfish in the Mediterranean and to where removal efforts should be
concentrated, should the species become established.

This chapter is based on:
‐

Johnston, M.W., Purkis, S.J. (2014) Are lionfish set for a Mediterranean invasion?
Modelling explains why this is unlikely to occur. Mar. Pollut. Bull.
http://dx.doi.org/10.1016/j.marpolbul.2014.09.013
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6.2

Introduction

The Indo‐Pacific predatory lionfish (Pterois volitans and P. miles), have spread at an
unprecedented pace throughout the tropical‐Atlantic (for brevity, hereafter referred to
as the Atlantic), Caribbean, and Gulf of Mexico (Schofield 2010, Ruttenberg et al. 2012).
The incursion of Atlantic lionfish has been thoroughly investigated and a biophysical
computer model developed to forecast marine invasion sequences (Johnston and Purkis
2011, Johnston and Purkis 2012). Lionfish have been recorded on the Leventine Coast
on four occasions, with the most recent recording in April of the year 2014 in the Gulf of
İskenderun, Turkey (Turan et al. 2014). In October and December of the year 2012, P.
miles was recorded in the eastern Mediterranean Sea with two individuals captured in
Lebanese waters (Bariche et al. 2013), demarking the second and third occurrences of
lionfish on the Levantine coast (extending from Egypt eastward to southern Turkey).
The first record of lionfish in the Mediterranean is from Israel in the year 1992 (Golani
and Sonin 1992). Records from the Levantine coast confirm that P. miles is present in
the Mediterranean and, given the swift Atlantic proliferation, could establish an invasive
population in the Mediterranean. Importantly, the Mediterranean Sea has not yet been
assessed for oceanographic conditions which may conduct the wide dispersal of lionfish
larvae.

6.2.1 Motivation

Given the life‐history traits of lionfish, the study motivation was to investigate whether
the coastal bathymetry and physical oceanographic conditions in the Mediterranean are
sufficiently conducive to the spread of lionfish larvae to initiate an invasion. On the
basis of computer modelling and remote sensing, the study aimed to forecast larval
dispersal patterns, settling locations of larvae, and regional invasion pressure, should a
reproductive lionfish population establish in the Mediterranean Sea. To do this, larval
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connectivity patterns in the Mediterranean were contrasted to those in the tropical
eastern and north Pacific (for conciseness, referred to as the Pacific, a region where
lionfish do not occur naturally) and the Atlantic, where the lionfish invasion has
proceeded unencumbered since the 1980’s. The purpose of this comparison was to
demonstrate whether the Mediterranean shares similar connectivity patterns as the
Pacific, the Atlantic, or, alternatively, neither. From these data, a spatially‐explicit tool
was created to identify areas that, being fundamental for lionfish dispersal, can facilitate
a widespread invasion. The main purpose of producing this tool was to generate an
opportunity to manage a potential invasion more timely and more effectively. These
data are important should an invasive lionfish population become realized.

6.2.2 Ocean Connectivity, Dynamics, and the Biophysical Model

Ocean currents are the primary transport mechanism for lionfish larvae, and water
circulation patterns likely promoted the rapid spread of lionfish larvae in the Atlantic
(Johnston and Purkis 2011), with the establishment of breeding populations governed
by ocean conditions and ecological processes. Larval connectivity in the Atlantic Ocean
is greatly influenced by ocean circulation and Euclidian distance between fish
populations does not necessarily predict regional connectivity (Richards et al. 2007, Kool
et al. 2009). Johnston and Purkis (2014a) demonstrated this dichotomy also exists in the
Pacific by employing the biophysical model to contrast mesoscale ( ~10km) connectivity
with that observed in the Atlantic. The study presents strong evidence that transport of
lionfish larvae over long distances is far less likely in the Pacific than in the Atlantic.
Consequently, the lionfish invasion risk in the Pacific is lower than in the Atlantic. An
analogous connectivity study employed the same biophysical model as used by Johnston
and Purkis (2014a) to focus monitoring efforts for the non‐native and potentially
invasive panther grouper (Chromileptes altivelis) in South Florida (Johnston and Purkis
2013). In the grouper study, 1,000 simulations were assembled for random South
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Florida locations, producing a composite settlement distribution map to indicate areas
of high larval settlement of panther grouper. From this map, three focus locations were
identified where panther grouper may become established, should a founder breeding
population occur at anywhere in South Florida waters.

6.2.3 Migration of Non‐native Species into the Mediterranean via the Suez Canal

The Suez Canal is a saline, sea‐level conduit opened in the year 1869 to connect the
northern Red Sea and southeastern Mediterranean Sea. The canal serves as a shipping
gateway between Europe, India, and the Far East and has a protracted history of
detrimental ecosystem effects (Golani 1998). Of major concern is Lessepsian (Red Sea
to Mediterranean) and anti‐Lessespsian (Mediterranean to Red Sea) migration, defined
as the bi‐directional exchange of marine flora and fauna through the Suez Canal (Por
1978). The waters of the canal generally flow northward from the Red Sea to the
Mediterranean, transporting fish larvae and eggs with them (Tortonese 1978). Species
diversity in the Red Sea is greater than in the Mediterranean, and Red Sea ichthyofauna
are typically adaptable to Mediterranean subtropical conditions (Por 1973).
Subsequently, the Mediterranean contains a disproportionately higher number of
migrants than the Red Sea (Mavruk and Avsar 2007). The bluespotted cornetfish
(Fistularia commersonii), the only documented predator of lionfish where it naturally
occurs (Bernadsky and Goulet 1991), is a Lessepsian migrant which has proliferated in
the Mediterranean (Garibaldi and Orsi 2008, Azzurro et al. 2013). Meanwhile, there are
conflicting reports of groupers controlling lionfish populations in the Atlantic, though
predation has been documented (Green and Côté 2009, Mumby et al. 2011, Hackerott
et al. 2013). P. miles may be a Lessepsian migrant via transport of lionfish larvae on
northward Suez Canal currents or active movement of adults through the canal.
Alternately, lionfish eggs and larvae may be transported through the canal in ship ballast
water and discharged, analogous to the Laurentian Great Lakes invasive stickelback
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Apeltes quadracus (Wonham et al. 2000), or the adult lionfish discovered may be
aquarium releases. Regardless of their source, lionfish are present in the Mediterranean
but have not yet proliferated.

6.2.4 Contrasting the Mediterranean, Atlantic, and Pacific

Although the Mediterranean, Pacific, and Atlantic (hereafter referred to as basins) differ
in biotic conditions and ocean circulation dynamics, comparing their levels of internal
connectivity is useful to predict interoceanic differences in the likelihood of lionfish
invasions due to patterns of larval dispersal. With this purpose, results observed in the
Pacific and Atlantic can serve as end‐members to which those obtained in the
Mediterranean can be compared.

6.3

Materials and Methods

Johnston and Purkis (2014a) was used as a guideline for some of the comparisons
conducted in this study, which aimed to demonstrate basin‐wide larval connectivity
patterns in the Mediterranean. Johnston and Purkis (2013) was used to guide an
investigation into the dissemination of lionfish from the Suez Canal into the
Mediterranean.

Mesoscale connectivity of the entire Mediterranean was first

contrasted with connectivity in the Pacific and Atlantic and ‘transition matrices’ were
constructed for each basin.

The matrices plot founder locations (i.e. initial breeding

lionfish populations) versus settling points of larvae to illustrate the transport distance
of larvae and connectivity within each basin. Secondly, the connectivity of locations
within ~ 100 km of the northern terminus of the Suez Canal were examined in detail. A
detailed examination of waters surrounding the Suez Canal was deemed prudent in light
of documented Lessepsian migration of Red Sea fish.
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6.3.1 Implementation of the Biophysical Model
To study the three basins, they were first divided into equal‐sized conceptual cells
resulting in a regularly‐spaced 2‐D grid. In this study, a cell resolution of 10 km × 10 km
was used (see Table 6.1 for definition of the physical oceanographic parameters used).
Table 6.1 Physical Oceanic Parameters Used in the Model. Oceanic parameters,
resolution, and original sources of data used for inputs in this study.
Parameter Name
Resolution
Source and Description

Ocean Current (OC):

10 km

Sea Surface
Temperature (SST):

4 km

Ocean Depth

4 km

The HYCOM ocean model is a forecast of global
ocean currents, based on remotely sensed data
and in‐situ measurements (Chassignet et al.
2007). Following (Paris et al. 2005), monthly
mean current values from HYCOM for the year
2005 were used for this study (HYCOM
GLBa0.08 Monthly Means Project).
Moderate‐resolution Imaging
Spectroradiometer (MODIS)‐Aqua satellite
climatological data (composite monthly mean
values) for the years 2003 to 2012 were used
for this study.
ETOPO1 is a 1 arc‐minute global relief model of
Earth's surface that integrates land topography
and ocean bathymetry (Amante and Eakins
2009).

The simulations were conducted for 96 iterations (eight years), resulting in a defined
progression and distribution pattern of lionfish larvae throughout the grid.

Life history traits, including fecundity parameters, are documented for Atlantic lionfish,
and this study assumed that an invasive Mediterranean population would display these
same traits (see life history traits used in the model in Table 6.2). The following traits (in
italics) from the literature were used as model inputs for all three basins.
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The founding population size describes the quantity of reproductive lionfish in the
founder population which contributed larvae to the model on a monthly breeding cycle,
beginning with the starting month (January in this study). The quantity of larvae per
individual lionfish, and per model iteration, is denoted by larvae quantity (q). Lionfish
reproduce up to every four days (Morris et al. 2009), so the total quantity of larvae
produced for 30 days was used for q.

Larval duration (d) and egg duration (de)

characterize the time‐period of larval suspension in the water column, from the initial
release of eggs to the settling of viable larvae. Following the approach adopted by Kool
et al. (2009) when modeling fish connectivity in the Caribbean, each larva in the model
experiences separate movement and advection on currents, analogous to in‐situ passive
transport of pelagic marine larvae. Egg, larval, juvenile, and adult mortality (Me, Ml, Mj,
Ma) rates were used for each life stage, as described by Morris et al. (2011). Lionfish
transitioned to adulthood and contribute larvae in the model at the breeding age,
expressed in months.

Table 6.2 Parameter Inputs Used in the Model. Parameters, values, and original
sources of data used for inputs in this study.
Parameter
Name
Cycles
(months)

Grid Size

Value

Rationale

96

8 years provided a sufficient
amount of time to illustrate
relative connectivity dynamics
between different precincts

10 km

10 fold increase in detail from
previous lionfish study

SST Range

10° C ‐
32.820° C

SST Weight

0.02

Depth
Range

Sensitivity
Analysis

1 ‐ 300 m

Source

Johnston
and Purkis
2011

Documented thermal tolerance
(lower, no upper limit identified
but this is not seen as limiting) of
lionfish in their introduced range

1‐330 m

Based on previous values used
studying lionfish

Johnston
and Purkis
2011

Known to inhabit depths down to
300 m. Influential in settling but
not spread mechanics.

Albins and
Hixon 2011
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Depth
Weight

0.02

Current
Weight

0.9

Egg
Duration
(de)

3 days

Parameter is influential in settling
but not spread mechanics
The most influential parameter
to the spread of lionfish in
previous studies

Johnston
and Purkis
2011

Documented larval duration of
lionfish in the Atlantic

Morris et
al. 2011

28 days

27 ‐29 days

Mean documented larval
duration of lionfish in the Atlantic

Ahrenholz
and Morris
2010,
Morris et
al. 2011

Mortality
(Me, Ml, Mj,
Ma)

0.31 d ‐1
(Me, Ml),
0.165 m ‐1
(Mj), 0.052
m ‐1 (Ma)

0.295‐
0.325 d ‐1

Estimated mortality rates of
lionfish in the Atlantic

Morris et
al. 2011

Female
Proportion

46%

Documented percentage of
female Atlantic lionfish

12 months

Documented maturation of
Atlantic lionfish

Morris et
al. 2011
Ahrenholz
and Morris
2010

Larval
Duration
(d)

Breeding
Age

Morris et
al. 2011

200,000

Founder
Population

3

Breeding
Cycle
Begin/End

Jan‐Dec

Lionfish reproduce year round

Morris et
al. 2009

30 days

Breeding occurs as often as every
4 days. Larval quantity is based
on total quantity per month, so
cycle has been set to one month
accordingly

Morris et
al. 2009

Monthly
Breeding
Cycle

180,000 ‐
220,000

Estimate monthly quantity
(rounded) of eggs per female as
documented in literature
Literature suggests a small
founding population for the
Atlantic invasion based on
genetic studies

Larval
Quantity(q)

Hamner et
al. 2007

6.3.2 Comparative Connectivity between Lionfish Habitats from Transition Matrices

Following the methods of Johnston and Purkis (2014a), transition matrices were
assembled for each of the basins to describe and compare connectivity derived from the
120

Chapter 6: Are Lionfish Set for a Mediterranean Invasion? Modelling Explains Why this is
Unlikely to Occur
model simulations. To compose the matrices, new simulations were generated for the
Mediterranean Sea and simulations generated by Johnston and Purkis (2014a) were
used for the Atlantic and Pacific.

To select geographic locations within the model which satisfied the environmental
tolerances of lionfish for the basin‐wide evaluation, those grid cells with a water depth
<= 300 m and minimum annual temperature 10° C were flagged as habitable for each of
the three ocean basins. These environmental tolerances have been ascertained through
the study of Atlantic lionfish (Kimball et al. 2004, Albins and Hixon 2011). The habitable
cells were then grouped into precincts for each basin, resulting in 23 Atlantic, 9 Pacific,
and 19 Mediterranean precincts, as had been done by Johnston and Purkis (2014a). The
precincts, which were defined arbitrarily, partition the studied coastlines into logical,
roughly equally sized units in order to aid the interpretation of the results. Each
precinct was named according to neighboring countries or prominent landmarks and
these labels were used to ordinate the transition matrices.

Using a random number generator, ten founder locations (i.e. a location in the model
grid where a breeding population of lionfish was established), per precinct, were
selected from the list of habitable cells in that precinct. Simulations that describe the
diffusion and settlement of lionfish larvae were then run for each of the ten founding
locations for a period of 96 months (i.e. 96 model iterations). In the model, a larva was
permitted to settle providing that a number of key criteria, as defined by the rules
pertaining to the physical tolerances of the species, were satisfied. Lionfish settlement
densities per precinct (individuals location‐1, or i l‐1) were obtained dividing the mean
computed across simulations (n=10) over the number of habitable cells within the
precinct.
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Transition matrices were used to represent the inter‐precinct connectivity in each basin
(Mediterranean, Atlantic and Pacific), as well as the distances over which larvae were
able to travel between precincts while remaining viable. Transition matrices comprised
bi‐dimensional plots with precincts on the x and y axis and square symbols color coded
to indicate the lionfish settlement density in a particular precinct. The background of
the transition matrices were also color‐coded from short‐transit (red) to long‐transit
(blue) to describe the separating distances between all habitable cells. Lionfish larvae
settling close to their founder location clustered along the major diagonal of the matrix.
Grid lines in each matrix demarked the precincts. If a symbol plots within the boundaries
of a single precinct on both axes of the matrix, a lack of dispersion of lionfish larvae out
of that precinct was indicated. Connectivity between several precincts appeared as
vertical stacks of symbols that straddle multiple precincts on the y‐axis.

To illustrate larval settlement densities, diffusion, and resulting basin‐wide invasion‐
pressure for the Mediterranean, modelled larval settlement locations for all simulations
were summed and projected within a GIS. Larval invasion pressure was also mapped by
running the model in a subsection of the Mediterranean‐wide grid comprised by the
Suez Canal, as this was deemed the most likely invasion route of lionfish from the Red
Sea to the Mediterranean. Also, it is in this area that three of four records of lionfish in
the Mediterranean have been reported. The scope of this model run spanned 100 km on
either side of the northern terminus of the canal and the duration, as for the
Mediterranean‐wide simulations, was 96 months. Since the scope of the model was
limited, it was possible to use every habitable cell within the subsection Suez Canal grid
as a founder population, whereas for the Mediterranean‐wide grid, random locations
were used to initiate founder populations. All rules remained the same as set for the
Mediterranean‐wide model.
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6.3.3 Sensitivity Analysis of the Biophysical Model

When applied to the spread of invasive panther grouper in the Atlantic, the model
shows sensitivity to mortality rates (Johnston and Purkis 2013). In this study, life history
traits of Atlantic lionfish were collated from the literature and used to parameterize the
model. It is recognized, however, that these traits are estimates based on the literature
and therefore cannot be treated as explicit. A more realistic approach is to audit the
range in model outputs delivered when the input parameters are varied within realistic
thresholds, as reported in the literature. To this end, the input parameters of d (larval
duration), Ml (larval mortality), and q (larvae quantity) was quantitatively assessed by
producing simulations with inputs ±10% of those specified (Table 6.2). Pelagic larval
duration (d) has been documented for lionfish at 26.2 days (Ahrenholz and Morris 2010)
and 25‐40 days (Whitfield et al. 2002), a variance of 13 days. For the simulations, a
larval duration of 31 days was established and a variation of ± 10% was imposed (i.e. 1
day). Lionfish larval mortality rates (Ml) have been noted at 0.35 d‐1 by Morris et al.
(2011). Kool et al. (2009) used a 0.20 d‐1 Ml rate when modeling the connectivity of reef
fish in the Caribbean, a mortality rate difference of 0.15 d‐1 from that used by Morris et
al. (2011). Likewise, this study employed a Ml rate of 0.31 d‐1 to reflect the likelihood of
an actual value closer to Morris et al. (2011). As Ml has the most profound effect on
recruitment in fish models, a variance of ± 0.015 d‐1 was used for ascertaining the
sensitivity of the model to larval mortality. Habitable water depth for lionfish was
sensitivity‐tested up to 330m, thus allowing a 10% increase beyond the depth limit
documented by Albins and Hixon (2011) which would reflect the worst‐case scenario of
an invasion. Lastly, larval quantity (q) was also allowed to vary ± 10% (Table 6.2).
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precincts were highly connected in the model, as demonstrated by the large‐scale
exchange of larvae between the two precincts (Fig. 6.2A). The locations displaying the
least connectivity were the Egypt, Suez Canal, and Lebanon precincts.
Table 6.3 Precinct Definitions. Precinct and precinct code definition.
Precinct

Precinct
Code

Gibraltar

GIB

Spain
France
Maddalena
Italy West
Italy South
Northern Adriatic
Southern Adriatic
Western Greece
Southern Aegean

ESP
FRA
MAD
ITW
ITS
NAD
SAD
GRW
SAG

Precinct
Northern
Aegean
Turkey
Lebanon
Suez Canal
Egypt
Libya
Malta
Tunisia
Algeria

Precinct
Code
NAG
TUR
LEB
SUE
EGY
LIB
MAL
TUN
ALG

Table 6.4 Settlement Density by Precinct. Precincts and their respective settlement
densities (individuals location‐1, or i l‐1). In bold are the four greatest settlement
rates.
Mean Settlement
Mean Settled per
Available Locations
Precinct Code
Simulation
Density (i l‐1)
GIB
1,131
1,481
0.76
ESP
2,991
3,471
0.86
FRA
9,386
1,649
5.69
MAD
923
1,965
0.47
ITW
2,834
2,401
1.18
ITS
418
630
0.66
NAD
6,198
6,876
0.90
SAD
7,652
3,583
2.14
GRW
2,026
1,300
1.56
SAG
5,469
3,923
1.39
NAG
3,320
5,101
0.65
TUR
4,787
1,247
3.84
LEB
735
956
0.77
SUE
4,175
2,600
1.61
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TUN
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and etc., Fig. 6.2B) were highly interconnected facilitating long‐distance transport of
lionfish larvae.
The model demonstrated that larvae spawned from these precincts were often
transported great distances and settle in distant locations. Conversely, the Pacific
displayed little‐to‐no connectivity and short larval transit distances, indicating low inter‐
precinct connectivity of lionfish breeding populations in this ocean (Fig. 6.2C).
Contrasting the Mediterranean to the Atlantic and Pacific, Mediterranean connectivity is
therefore more similar to the Pacific (Fig. 6.2).

6.4.3 Low Connectivity in the Mediterranean around the Suez Canal

The Suez Canal invasion pressure map does not highlight definitive ‘hot spot’ settlement
locations in the Gulf of Suez (Fig. 6.4).

Settled lionfish in the simulations were

distributed in a radial pattern from the mouth of the canal, with a slight west‐to‐east
(lower‐to‐higher) bias. This settlement bias reflected the west‐to‐east larval diffusion
pattern that was observed in the basin‐wide model.

6.4.4 Sensitivity Testing

The Mediterranean simulations were most sensitive to decreased Ml and, because Ml
and d are directly related, a decrease in d (Fig. 6.5). When Ml was reduced by 0.015%, a
20‐fold increase in larval settling densities was observed basin‐wide. Given a grid pixel
size of 10 km, the mean basin‐wide larval density per habitable cell in the model was
0.024 lionfish ha–1, with a highest recorded density of 0.064 lionfish ha–1 (in the France
precinct). Model sensitivity to Ml and d suggests that a decrease in either value would
exponentially increase basin‐wide invasion pressure in the Mediterranean. Such a
decrease might be instigated by, for example, lack of predation on lionfish at any life
stage, or high availability of prey which would increase their hardiness. The salient point
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6.5

Discussion

When contrasting the Mediterranean and Atlantic transition matrices (Figures 6.2A, B),
it is clear that the Atlantic exhibits greater connectivity and farther dispersal of lionfish
larvae. Strong Atlantic water flow, a common feature of a northern‐hemisphere basin
with western border currents (Stommel 1948), likely served to increase connectivity
between breeding lionfish populations. The most probable Atlantic lionfish introduction
location, which, according to Johnston and Purkis (2011) is South Florida, is adjacent to
the Gulf Stream. This north‐flowing current enabled the rapid invasion of lionfish
northward toward the Carolinas, USA, where the species now proliferates. As reflected
in the seasonal ocean current data used in the simulations, flow in the Mediterranean,
while at times swift, varies seasonally in its trajectory and velocity (Malanotterizzoli and
Hecht 1948). These ocean conditions are not conducive to larval dispersion over great
distances.

Low inter‐precinct connectivity is apparent when scrutinizing the

Mediterranean transition matrix (Fig. 6.2A). Currents in the Pacific affect shorter larval
dispersal than either the Mediterranean or Atlantic (Fig. 6.2). The lionfish densities
observed in the simulations were also far less than the reported concentrations of adult
lionfish in the Atlantic (393.3 ± 144.4 lionfish ha–1 [Green and Côté 2009], and (21.2 ±
5.1 ha–1 [Whitfield et al. 2007]), where lionfish populations are mature and reefs are
under continual invasion pressure from lionfish larvae.

Long‐distance transport of larvae from precincts flanking the Suez Canal was low in the
simulations, which is relevant as these areas would be the first to be exposed to invasive
lionfish entering the Mediterranean from the Red Sea via the canal. Lionfish have been
recorded to the east of the canal along the Levantine coast. The discovery of these
lionfish, the west‐to‐east diffusion observed in the simulations and also documented
Lessepsian migrant species richness in this area (Golani 1998), give strong evidence that
the Levantine Coast lionfish may have originated from the Suez Canal. Recent work by
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Luiz et al. (2013) suggests that lionfish dispersal against ocean currents may be limiting
the spread of lionfish into Brazilian waters. On this basis, dispersion from east‐to‐west
in the Mediterranean, against the migrant diversity gradient and against prevailing
water flow, is likely also difficult. Accordingly, this study and the literature both suggest
that the highest invasion‐pressure from lionfish larvae in the Mediterranean will be
concentrated along the Leventine Coast, in the direction of water flow, which is
consistent with documented lionfish records to date. The Levantine coast is also
adjacent to the Gulf of İskenderun (in the Turkey precinct), for which the model
reported the second highest settlement density and where lionfish were recently
recorded (Turan et al. 2014) (Fig. 6.3). Should a breeding population of lionfish establish
in the southeastern Mediterranean, immediate efforts for lionfish monitoring and
eradication should therefore focus on locations surrounding the Suez Canal and on the
Levantine coast, extending north to the Gulf of İskenderun.

The Levantine coast suffered the highest invasion pressure according to the simulations.
However, the Bay of Marseilles is concerning as high settlement densities of lionfish
larvae were recorded here in the simulations. This bay offers both shallow habitat and
anemic circulation, which would serve to concentrate lionfish larvae. Also, the Bay of
Marseilles in adjacent to a large city (Marseilles), which would further increase the
likelihood of release of adult individuals from an aquaria, as is presumed to have seeded
the Atlantic invasion, or the discharge of larvae in ballast water from a ship entering this
port city. Tunesia, the Southern Aegean Sea, and the Southern and Northern Adriatic
Sea also showed high larval densities, but these precincts are not subject to the same
factors as the Bay of Marseilles deemed to promote the risk of infestation. Note that the
waters of the upper Northern Adriatic dip below 10° C during winter, which is the
documented minimum thermal tolerance of lionfish (Kimball et al. 2004), and therefore
any settlers here will likely only be ephemeral. The same situation is observed for
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invasive Atlantic lionfish populations north of Cape Hatteras, NC, USA (Johnston and
Purkis 2011).

This study assumed persistent breeding populations at the founder locations with no
movement of adult lionfish over distances exceeding 10 km (i.e. the resolution of the
model grid). Because lionfish have a strong tendency for site fidelity (Jud et al. 2011)
and given that there is no evidence that lionfish migrate, the assumption of no adult
movement between adjacent model cells to be reasonable. Conversely, if adult invasive
lionfish do migrate over distances >10 km, they would have moved between precincts
even if they are not strongly connected by prevailing circulation in the simulations.
Worthy of note, however, such migration of adult fish would not have altered the larval
dispersal patterns revealed in the simulations. The reason for this stability being that
ocean circulation is independent of adult lionfish populations. Another caveat of the
model was its assumption that juvenile lionfish can settle in water depths up to 300 m
deep. While this assumption is yet to be supported by field observation, adult lionfish
indeed have been recorded down to this depth (Albins and Hixon 2011) and it is sensible
to allow juveniles to inhabit the same range.

Natural mortality has not yet been quantified for invasive Atlantic lionfish and
surprisingly, nor has it been assessed within their native range. Faced with this dearth of
information, it was assumed that life‐stage mortality rates of lionfish are similar to
teleost species with similar life strategies and pelagic larvae, which has been previously
adopted (Kool et al. 2009, Morris et al. 2011). Adult, juvenile, and larval lionfish are
chemically defended and therefore largely immune to most predators in the Atlantic
(Green et al. 2012). For this reason, the study may have overestimated lionfish mortality
across all life‐stages of the species since chemical defenses were not considered in the
model. However, while densities do change, the settlement patterns revealed during
sensitivity testing of mortality remained largely invariant to this parameter (Fig. 6.3). A
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decrease in lionfish mortality would have served to amplify lionfish dispersion and
densities in all precincts in the Mediterranean.

Finally, it should be noted that a Lessepsian migrant and a potential lionfish predator,
the bluespotted cornetfish, has been found in increasing numbers in the Mediterranean
(Azzurro et al. 2013). Though lionfish predation by cornetfish has been documented
(though only one instance involving one juvenile lionfish [Bernadsky and Goulet 1991]),
widespread predation by the cornetfish has yet to be noted in the literature. It is hence
unknown if this predator, or another, may act to control Mediterranean lionfish. It is
relevant to note that such predatory control has been conspicuously absent in the
Atlantic (Hackerott et al. 2013).

6.6

Conclusion

This study provides a quantitative forecast of lionfish dispersal potential in the
Mediterranean. By comparing and contrasting model outputs from the Mediterranean
to those from the eastern Pacific and tropical Atlantic, it is revealed that Mediterranean
connectivity patterns are considerably less favorable to the spread of lionfish larvae
than the Atlantic, but more so than the Pacific. A detailed investigation of locations
adjacent to the Suez Canal, where, on the balance of probability, lionfish have already
passed into the Mediterranean from the Red Sea, reveals this area to not be particularly
conducive to the establishment of lionfish. This said, the invasion pressure from the Red
Sea is obviously high and therefore monitoring for lionfish should be encouraged in this
area. Were lionfish able to bridge the Suez coastline, the model did highlight the Bay of
Marseilles to be particularly susceptible to invasion. In light of their unhindered spread
through the Atlantic, it is hoped that this study stimulates others to consider ocean
connectivity patterns that promote the susceptibility of an area to marine invasive
species.
134

Chapter 7: Hurricanes Accelerated the Florida‐Bahamas Lionfish Invasion

Chapter 7
7

Hurricanes Accelerated the Florida‐Bahamas Lionfish Invasion

7.1

Abstract

This study demonstrates how perturbations to the Florida Current caused by hurricanes
are relevant to the spread of invasive lionfish from Florida to the Bahamas. Without
such perturbations, this current represents an effective barrier to the transport of
planktonic lionfish eggs and larvae across the Straits of Florida. Further, the study shows
that once lionfish became established in the Bahamas, hurricanes significantly hastened
their spread through the island chain. These insights are gained through: 1) an analysis
of the direction and velocity of simulated ocean currents during the passage of
hurricanes through the Florida Straits and, 2) the implementation of a biophysical model
that incorporates the tolerances of lionfish to ocean climate, their reproductive
strategy, and duration that the larvae remain viable in the water column. On the basis of
this work, 23 occasions between the years 1992 and 2006 are identified in which lionfish
were provided the opportunity to breach the Florida Current and that hurricanes in this
period increased the rate of spread of lionfish through the Bahamas by more than 45%
and magnified its population by at least 15%. Beyond invasive lionfish, the study
suggests that extreme weather events such as hurricanes likely help to homogenize the
gene pool for all Caribbean species susceptible to transport.

This chapter is based on:
‐

Johnston, M.W., Purkis, S.J. (2015) Hurricanes accelerated the Florida‐Bahamas
Lionfish invasion. Global Change Biology
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7.2

Introduction

Marine invasions are rare. The most successful invaders to date, the predatory Indo‐
pacific lionfish (Pterois volitans/miles), express diverse invasive traits that have
conspired to deliver their intense proliferation in the Atlantic (Barbour et al. 2008;
Green and Côté 2009; Albins and Hixon 2011; Jud et al. 2011; Côté et al. 2013; Cure et
al. 2014). Lionfish were first discovered in South Florida waters in 1985, as reported by
the United States Geological Survey Non‐indigenous Aquatic Species (USGS‐NAS)
database (USGS‐NAS 2014). The literature indicates that ‘detection lags’, where an
invasive animal is noticed and reported only after becoming an abundant nuisance, are
ubiquitous with invasive species (Lewin 1987; Crooks and Soule 1999; Crooks 2005).
Lionfish were reported from the Bahamas in the year 2004 (USGS‐NAS 2014). The
USGS‐NAS records, however, are not the product of active monitoring and lionfish are
known to be cryptic and often not easily observed (Darling et al. 2011). The year 2004
Bahamian lionfish records, therefore, likely reflect a detection lag that trails the pace of
the lionfish invasion. As such, locations where lionfish were documented by the USGS‐
NAS were doubtlessly infested prior to the reported date, which is important when
estimating the realized arrival date of lionfish in the Bahamas.

Once established in the Bahamas, lionfish rapidly dispersed south and east against
prevailing Bahamian ocean currents, results supported by the 2014 USGS‐NAS database
and Johnston and Purkis (2011). This pattern of invasion is curious for two reasons. First,
adult lionfish are non‐migratory, which likely precludes active movement against
prevailing water flow, and second, buoyant lionfish larvae passively disperse on surface
ocean currents and their spread should therefore mimic broad‐scale circulation patterns
(Whitfield et al. 2002; Hare and Whitfield, 2003; Ahrenholz and Morris, 2010; Jud et al.
2011; Morris et al. 2011; Johnston and Purkis, 2013; Luiz et al. 2013). A distinct bio‐
geographical and genetic connectivity break has been noted between Florida and the
Bahamas, caused by the strong northerly flow of the Florida Current (Carlin et al. 2003;
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Kool et al. 2010; Richards et al. 2007; Freshwater et al. 2009, Betancur‐R et al. 2011).
Genetic studies suggest, however, that Floridian lionfish are closely related to Bahamian
lionfish (Freshwater et al. 2009), indicating connectivity across the Florida Current. Up
until now, the mechanism by which lionfish have been able to cross the Florida Current
shortly after their introduction to South Florida and disperse against prevailing
Bahamian currents has not been satisfactorily addressed. This study posits frequent
Atlantic hurricanes to be central to explaining the up‐current invasion of lionfish
through the Bahamas. For brevity, the term “storms” will be adopted in the study as a
term to encompass both hurricanes and named tropical storms.

Storms are capable of causing broad disruption to prevailing local ocean current
patterns (Wang et al. 2005; Teague et al. 2006). For instance, as Category 3 Hurricane
Ivan passed through the northern Gulf of Mexico in 2004, it generated surface current
water velocities as fast as 2.14 m/s with maximum near‐bottom (in a water depth of 60
m) velocities of 1.35 m/s (Wang et al. 2005; Teague et al. 2006). Moreover, ocean
current velocities of 1.31 m/s were likewise measured during Ivan at a water depth of
84 m, demonstrating that hurricanes are capable to disturb water flow deep into the
water column. Prior to and after Ivan, average current velocities in the northern Gulf
measured less than 0.30 m/s (Teague et al. 2006). Importantly, the trajectories of these
anomalous currents were aligned with the direction of Ivan’s winds. Anomalies in ocean
current velocity and direction (hereafter referred to as OCVD), as measured acoustically
during Hurricane Ivan, coincide with those forecasted by the Hybrid Current Ocean
Model (HYCOM – see Table 1) (Chassignet et al. 2007; Prasad and Hogan, 2007).
Previous computer simulations of lionfish dispersal which utilized the HYCOM data
(Johnston and Purkis, 2011, 2012, 2014a, 2014b), however, lacked the fidelity to capture
hurricane‐altered water circulation.
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Table 7.1 Physical Oceanic Parameters Used in the Model. Oceanic parameters,
resolution, and original sources of data used for inputs in this study.
Parameter Name
Resolution
Source and Description
The HYCOM ocean model is a widely used and
robust forecast of global ocean currents, based
on remotely sensed data and in‐situ
measurements (Chassignet et al. 2007).
Ocean Current
10 km
Monthly mean current values from the HYCOM
(GLBa0.08 project) for the year 2006, and daily
data were harvested for the years 2004‐2005
storm seasons (July through November of each
year) for this study.
Moderate‐resolution
Imaging
Spectroradiometer (MODIS)‐Aqua satellite
Sea
Surface
4 km
climatological data (composite monthly mean
Temperature (SST)
values) for the years 2003 to 2012 were used
for this study.
ETOPO1 is a 1 arc‐minute global relief model of
Earth's surface that integrates land topography
Ocean Depth
4 km
and ocean bathymetry (Amante and Eakins,
2009) and is the source of water depth data for
the model.
This study postulates that anomalous ocean surface currents, forced by storm‐force
winds, transported larval lionfish from Florida to the Bahamas prior to the year 2000.
Quantitative evidence if offered that, once lionfish established in the Bahamas, storm‐
induced currents accelerated expansion of the invasive population throughout the
Bahamas spanning the years 2000‐2007. On the basis of this work, opportunities in
which lionfish could have conceivably breached the Florida Current are offered and the
effects of hurricanes are estimated on both larval distribution and the progress of the
lionfish invasion‐front through the Bahamas.

7.3

Materials and Methods

To test the hypothesis that strong eastward‐flowing water during storms is capable to
transport lionfish from South Florida to the Bahamas, the HYCOM daily OCVD data for
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the 2004‐2005 hurricane seasons was first scrutinized.

The HYCOM dataset was

selected for study as it is a widely employed and robust coupled ocean‐atmosphere
prediction model that was deemed a useful global approximation of ocean currents
upon which to estimate larval fish transport. From this examination of daily HYCOM
data it was possible to detect water direction and velocity anomalies in the Florida
Current that may facilitate cross‐stream transport of lionfish larvae. The years 2004‐
2005 HYCOM data were also chosen to represent those hurricanes affecting the Florida
Straits in active storm seasons prior to 2004. This enquiry was focused on a 40,000 km2
expanse of the Florida Straits incorporating South Florida and the northwestern
Bahamas (25.5 N to 27.5 N and ‐80.5 W to ‐78.5 W) (Fig. 1). For this area, a bio‐physical
computer model was implemented which is an evolution of that previously employed by
Johnston and Purkis (2011, 2012, 2014a, 2014b) to simulate the spread of lionfish
through the Bahamas. The simulations were founded on a small virtual breeding
population in the north central Bahamas deemed to be established by larval lionfish
transported from South Florida prior to the year 2000. The simulations captured
monthly‐mean OCVD for an average year (Fig. 1a, supplemental Fig. S1) with daily OCVD
data for the July‐November hurricane seasons of the years 2004 and 2005, when a total
of ten storm systems crossed the Florida Straits (Fig. 2b, c).
Table 7.2 Parameter Inputs Used in the Model. Parameter description, values,
justification, and original sources of parameter data used for the model inputs.
Parameter
Value
Justification
Source
Name
Western Bahamas location adjacent to
Founder
24.817° N ‐
South Florida where larval lionfish
Location
79.683° W
transport is possible during storms
Simulations were created spanning the
Cycles
years 2000 – 2007, the estimated time
96
(months)
frame in which lionfish settled the
Bahamas and populations expanded
Parameter granularity of the HYCOM
Grid Size
10 km
ocean current dataset
SST
Lower
Documented lower thermal tolerance
Kimball et al.
Thermal
10° C
(upper limit has not been identified in
2004
Limit
the literature) of lionfish in their
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introduced range

Egg Duration
3 days
(de)

Lionfish are found to water depth of at
least 300 m
Estimated egg duration of lionfish in the
Atlantic

Larval
Duration (d)

Estimated larval duration of Atlantic Morris et al.
2011
lionfish

Depth Range

1 ‐ 300 m

28 days

0.31 d ‐1 (Me,
Mortality
M ), 0.165 m ‐ Estimated mortality rates of Atlantic
(Me, Ml, Mj, 1 l
(Mj), 0.052 lionfish
Ma)
m ‐1 (Ma)
Female
46%
Sex ratio of Atlantic lionfish
Proportion
Estimated maturation of Atlantic
lionfish, given larger size and faster
Breeding Age 10 months
growth in the Atlantic than where they
are native
Breeding occurs as often as every 4
Larval
days. Estimated monthly quantity of
200,000
Quantity(q)
eggs per female, per month, obtained
from the literature
Founder
Estimated small founder population
150
Population
located in the western Bahamas
Monthly
Larval quantity (q) is based on total
Breeding
30 days
quantity per month, and so the cycle
Cycle
has been set to one month accordingly

Albins
and
Hixon, 2011
Morris et al.
2011

Morris et al.
2011
Morris et al.
2011
Ahrenholz and
Morris, 2010

Morris et al.
2011

Morris et al.
2009

7.3.1 Analysis of Hurricane‐altered ocean currents in the Florida Straits

A fixed 2‐D grid represented the study area with a cell size of 10 km × 10 km. Each grid
cell contained values corresponding to physical oceanographic conditions, such as water
depth, sea surface temperature, and direction and velocity of water flow (Table 1, 2).
First, the daily HYCOM OCVD data for the Florida Straits was queried to isolate grid cells
that contained water flowing to the north, northeast, east, and southeast. These
resultant grid cells and their daily were then tallied for each direction and each day
spanning the years 2004 and 2005 hurricane seasons. Next, the total counts registered
were calculated as a percentage of the total quantity of grid cells containing OCVD data
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used). This scenario serves as a baseline against which results from model runs that
consider storm‐induced circulation patterns can be numerically compared. Scenario
two: HYCOM mean‐monthly OCVD data, inclusive of the year 2004 HYCOM storm
season data, were used as model inputs, quantifying the impact of the year 2004 storm
season alone. Scenario three: HYCOM mean‐monthly OCVD data, inclusive of the year
2005 HYCOM storm season, were used as model inputs, quantifying the impact of the
year 2005 storm season alone. Scenario four : HYCOM mean‐monthly OCVD data were
coupled with daily HYCOM OCVD data for the 2004 and 2005 storm seasons to
parameterize the simulation. The purpose of this fourth scenario was to evaluate
whether consecutive storm seasons may further increase the distribution of lionfish
larvae and amplify the size and density of reproductive populations when compared to a
single storm season.

The study implemented a hybrid cellular automaton and agent‐based model to forecast
the diffusion, settling capacity, and resulting adult populations of lionfish in the
Bahamas. The simulation data provided date‐stamped geographic points of settlement
of lionfish larvae, which mature to adulthood, which can then be summarized over
space and time within a GIS framework. The diffusion and settlement of lionfish larvae
throughout the grid was governed by a simple set of rules which were built upon lionfish
biological traits and tolerances to water depth and temperature (Kimball et al. 2004;
Albins and Hixon, 2011).

7.3.3 Implementation of the model

Following previous employments of the model, monthly‐mean HYCOM OCVD data for a
proxy year were compiled first, a method that has precedence in the literature
(Johnston and Purkis, 2014a, 2014b). In order to completely isolate the effects of storm‐
driven water on the diffusion of lionfish larvae, the year 2006, a storm‐free year, was
chosen to represent dates outside of the years 2004‐2005 storm seasons. These data
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were then coupled with daily HYCOM OCVD data for the 2004 and 2005 hurricane
seasons (7/04 – 11/04 and 7/05 – 11/05). The 2004‐2005 seasons were chosen because
they parallel the time‐frame in which lionfish dispersal in the Bahamas was profuse
(USGS‐NAS, 2013). Though robust, the HYCOM dataset does lack near shore and
shallow‐bank resolution such as those shallow waters atop the Great and Little Bahama
Banks. Likewise, in locations where the HYCOM was lacking data, monthly‐mean OCVD
data for the year 2006 was obtained from the Ocean Surface Current Analysis (OSCAR)
database (Bonjean and Lagerloef, 2002). Near‐shore fit for both the HYCOM and OSCAR
data was performed via nearest‐neighbor interpolation, providing 100% OCVD data
coverage for the entire study area for storm and non‐storm years. A small population of
150 reproductive female lionfish in the northwest Bahamas acted as a founder
population for running the model (see Table 2 for model inputs). The precise number of
founder lionfish used in the simulations is not important to the overall trends and
patterns produced by the model. It should be borne in mind that the study aimed in
particular to track the dispersal of a fledgling founding population of lionfish through
the Bahamas, and for this reason, it would be illogical to set magnitude of the starting
population higher than a few hundred breeding pairs. For each scenario (no hurricanes,
year 2004 hurricanes, year 2005 hurricanes, years 2004‐2005 hurricanes combined), 10
simulations were produced spanning the years of study 2000‐2007. For every 30 days of
model time, an average cumulative lionfish population size was calculated. Next, the
quantity and percentage of population difference from the non‐hurricane simulation
were independently plotted for the three hurricane scenarios, with the year on the x‐
axis and population change on the y‐axis (Fig. 4). The plot conveys the response of
lionfish population size to hurricane–altered currents. In order to test the population
change for statistical significance, given the expectation that storms do increase the
numbers of lionfish (and thus rejecting the null hypothesis, H0, that storms do not
increase the size of lionfish populations), a one‐tailed t‐test was performed. The t‐test
was conducted between the mean lionfish population size obtained from the 10 sample
simulations for scenario one to the mean counts of the 10 simulation runs for each of
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7.4

Results

7.4.1 Storm‐altered Water Flow between Florida and the Bahamas
Analysis of the 2004‐2005 HYCOM data revealed fluctuations in water direction and
speed in the Florida Straits, from northerly‐dominated flow, which blocks cross‐Florida
Current transport of lionfish larvae, punctuated by easterly flow when the eye of a
storm passes through the Florida Straits (Figs. 1, 2). Category 3 or stronger hurricanes,
such as Wilma, Jeanne and Frances affected greater variances in the direction and
velocity of surface water flow in the HYCOM data than weak storms, such as Ophelia,
Tammy and Gamma (Fig. 2b, c, e).

In the HYCOM data, water flow in the Florida Straits fluctuated to the greatest extent
when the eyes of strong storms crossed just north of the center of the Straits. When
storms follow this path, south‐wall winds (i.e. those flanking the south rim of the storm
eye) concentrate eastward‐flowing water, originating in South Florida, to the Bahamas
(Figs. 1, 2b, c, e). When dissecting the data for storms passing from east‐to‐west which
originated in the western Atlantic (such as Frances, Jeanne, Katrina and Rita), the
proportion of north‐flowing currents and water velocities dropped by 33% during
Katrina and 70% during Frances and Jeanne. In the HYCOM data, these decreases were
followed two to ten days later (but averaging two‐to‐five) by increases in both velocity
and northward flow to pre‐storm levels or greater (a 33% increase during Katrina)
during the passage of the east wall. Accordingly, eastward‐flowing currents and also
water velocity both opposed this trend, first with a marked increase, followed by a
gradual drop‐off. The opposite was seen for storms that tracked west‐to‐east, such as
Wilma. Wilma instigated the greatest disruption of water flow in the Florida Straits of
all storms in the considered time period, with a maximum eastward velocity of 1.61 m/s
and mean of 0.59 m/s, according to the HYCOM data.
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7.4.2 Effects of Storms on Lionfish Population Size and Invasion Progress

Simulations built for scenario one (non‐hurricane) revealed an average adult Bahamian
lionfish population of 3.2 × 105 ± 2.0 × 104 total number of individuals at the conclusion
of 2007. The average difference in population size from scenario one for the three
storm simulations were; 1.9 × 104 (a 6% increase in lionfish population) for scenario two
(the year 2004 alone), 1.6 × 104 (a 5% increase in Bahamian lionfish) for scenario three
(the year 2005 alone), and 5.4 × 104 (15% more Bahamian lionfish) for scenario four (the
years 2004‐2005 combined) (Fig. 4). Statistical testing found t‐values of 3.9 × 10‐2
(scenario one‐to‐two), 3.0 × 10‐2 (scenario one‐to‐three) and 5.1 × 10‐6 (scenario one‐
to‐four), all values below a 0.05 significance level. As such, the H0 was rejected,
suggesting that lionfish population sizes were amplified when storms are incorporated
in the simulation runs. Projecting five years subsequent to the end of the simulation
(through the year 2012), and excluding additional storm seasons, the population
difference between non‐storm and storm simulations was 9.0 × 106 lionfish.

When plotted in a GIS, USGS‐NAS lionfish records through the year 2007 are distributed
south and east in the Bahamas, with the farthest lionfish record 1,050 km from South
Florida (Fig. 5a). Lionfish populations in the non‐storm simulation do progress to the
southeast, but only reach the edge of the Windward Passage by the end of the year
2007, a dispersal distance of 900 km from South Florida (Fig. 5b). When the year 2004‐
2005 storm seasons are included in the model, the lionfish invasion‐front progresses
southeast through the Bahamas more rapidly than if storms are omitted, extending
1,300 km from South Florida spanning the same timeframe (Fig. 5c).
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7.5

Discussion

7.5.1 Storms Open a Gateway between Florida and the Bahamas

The minimum straight‐line distance between South Florida and the Bahamas is 87 km,
and water flowing eastward from Florida at 1 m/s will traverse this span in 24 hrs.
Storms drive ocean surface and sub‐surface water (as witnessed during Ivan to depths
of at least 84 m) approximately in the direction of their winds which, in the Northern
Hemisphere, is counter‐clockwise. For example, south‐wall winds, which extend from
the southern edge of the storm to the eye (the rotational axis of the storm), blow
eastward, and in doing so, direct water generally to the east. The maximum current
velocity produced by Wilma was slower than the fastest water flow (2.14 m/s)
measured during Hurricane Ivan (another Category 3 storm), suggesting that actual
water flow velocity realized during hurricanes may be even greater than those velocities
forecast by the HYCOM. The flux of lionfish across the Florida Straits predicted by the
model can therefore be considered conservative. In accordance with the simulation,
storms passing closest to the Florida Straits, such as Wilma, open transport windows for
buoyant larvae spanning two‐to‐ten days (Fig. 2c, e), which is ample time for lionfish
larvae drifting in surface or sub‐surface waters to traverse the Florida Current barrier in
less than 24 hrs.

Spanning the years 1992 to 2003, thirteen storms passed through the Florida Straits and
plausibly opened transport windows for lionfish larvae (Fig. 2a). Of these thirteen
storms, the eyes of storms Erin, Mitch, Harvey, Irene, Gabrielle, and Michelle passed
north of the center of the Florida Straits, and presumably produced and shifted high‐
velocity water eastward (Fig. 2d). Notably, the storms Mitch (1998), and Dennis, Floyd,
Harvey, and Irene (1999) impacted the Florida Straits and the 1999 storms followed in
rapid succession, perhaps amplifying the rate of dispersion over a single storm season.
Given that the fastest easterly flow in the HYCOM data occurred during the passage of
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such storms, and that detection lags suggest that cryptic lionfish may occupy a location
well before their eventual reporting date, it can be speculated that lionfish breached the
Florida‐Bahamas barrier sometime during the year 1998 or 1999 hurricane seasons.

7.5.2 Storms Increase Lionfish Population Size and Speed the Invasion‐Front through
the Bahamas

Lionfish numbers for all simulations exhibited an expanding population with exponential
growth, as was forecast by Johnston and Purkis (2011) and also reflected in the USGS‐
NAS lionfish records.

When the 2004 and 2005 storm seasons were analyzed

collectively, the increase in lionfish populations in scenario four (15%) is more than the
combined increases for the year 2004 (6%) and year 2005 (5%) seasons singularly (Fig.
4). This 4% net increase in lionfish populations can be attributed to a compounding
effect, whereas those additional lionfish produced during the 2004 storm season were
available to breed and contribute larval recruits during the c the se of the year 2005
storm season. The increase observed implies that consecutive storm seasons further
amplified reproductive populations when compared to a single storm season in the
model.

The lionfish invasion‐front progresses southeast through the Bahamas more rapidly
when the 2004‐2005 storm seasons were included than if storms were omitted,
extending 1,300 km from South Florida (Fig. 5c). This distance represents a 45%
increase in dispersal due to storm‐altered water flow.

In the 2004‐2005 storm

simulation, lionfish populations traversed the Windward Passage, settled the Turks and
Caicos and bridged northern Hispaniola. The USGS‐NAS reports lionfish from southern
Cuba and also the Turks and Caicos (but not Hispaniola) by the conclusion of 2007, in
agreement with the computer model. Lionfish populations were not forecast by the
simulation in any of these three locations when hurricanes were absent (Fig. 5b).
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In light of these results, it can be deduced that simulation four , which includes the
movement of water wrought by storms for the years 2004 and 2005 (Fig. 5c) more
accurately reflects the realized infiltration of lionfish through the Bahamas as compared
to the simulation that ignores storms (Fig. 5b). The data further suggest that lionfish
observations from Hispaniola exhibited a detection lag and that the invader bridged the
Windward Passage prior to 2007, facilitated by storm‐forced ocean circulation.

Computer simulations that mimic bio‐physical systems often produce inaccurate results
due to data omission, parameter limitations such as data resolution, or flaws in the
model logic. To abate potential errors, the life history traits expressed by Atlantic
lionfish, which were used in the study, were harvested from the literature (Morris et al.
2011; Johnston and Purkis, 2014a), though these traits are naturally variable and cannot
be treated as explicit. The values used are the best‐estimates of the traits exhibited by
Atlantic lionfish. The model that was implemented has been previously used to study
lionfish and panther grouper in the Atlantic (Johnston and Purkis, 2011, 2012, 2014a,
2014b) and has been thoroughly tested against variations in parameter input values and
proven sensitive to alterations in mortality rate (in the same manner as most fish
population models). However, this sensitivity does not adversely affect the dispersal
patterns of the species being modeled (Johnston and Purkis, 2013, 2014a, 2014b). As
such, the conclusion that storms increase the dispersal of lionfish would not have
changed had different parameter values within the variability ranges as documented for
lionfish been chosen.

It should be noted that other relatively sedentary adult fish (for example damselfish)
and invertebrates such as conch are found on both sides of the Florida Current,
indicating that larval exchanges are predicted across the Straits over time. For lionfish,
the Florida‐Bahama crossover was swift and ensued less than 20 years after their
introduction to South Florida, sooner than would be anticipated given the Florida‐
Bahamas connectivity break documented in the literature (Carlin et al. 2003; Kool et al.
152

Chapter 7: Hurricanes Accelerated the Florida‐Bahamas Lionfish Invasion
2009; Richards et al. 2007; Freshwater et al. 2009, Betancur et al. 2011). This study
suggests that this rapid transposition may be attributed to storm forced ocean currents.
Further, many Caribbean species spawn during the summer months and perhaps may
be harnessing the dispersive features of frequent Caribbean storms to better spread
around the region.

The study proposes that perhaps native Caribbean marine

organisms with similar reproductive strategies as to the lionfish may take advantage of
storm‐altered water flow to enhance distribution of their young. Moreover, extreme
weather events, such as hurricanes and tropical storms, likely help to homogenize the
gene pool in the Caribbean for all species susceptible to transport.

Ontogenic migration was not incorporated in the model as these data are noticeably
lacking for lionfish. The paucity of migration data, however, is not synonymous with an
absence of vertical or horizontal lionfish larval movement. Indeed, many marine fish
with planktonic larval stages are capable of ontogenic migrations within the upper 60 m
of the water column (though concentrated usually in the upper 20 m) which aid them in
traversing strong currents, such as the Florida straits, and in population retention (Paris
and Cowen 2004).

These movements may also serve to protect larvae from the

dangerous surface conditions produced by high wind and churning waves during passing
storms, though floating lionfish egg sacs may still be venerable to disassociation and
subject to higher mortality rates. Still, measurements of OCVD data during storms
confirm that current anomalies can extend at least 84 m deep into the water column
and are not limited to surface waters (Wang et al. 2005; Teague et al. 2006). It follows
that should planktonic lionfish move deeper within the top 60 m of the water column
during storms, they would be similarly swept by storm‐altered currents as to those
lionfish larvae in surface waters. Additionally, the parameter resolution of the model
grid used in the simulations was 10 km, a considerable, and likely unreasonable,
distance by which larval lionfish would have to actively swim to affect the results of the
simulations. Given this, the conclusion that storms accelerated the Florida‐Bahamas
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dispersal of lionfish would likely remain the same had ontogenic vertical or horizontal
migration been integrated into the model.

7.5.3 Implications for the spread of Floridian Invasive Species

Atlantic storms transported non‐native Schistocerca gregaria (African locusts) to the
Windward Islands (Richardson and Nemeth, 1991), accelerated the invasion of
Pittosporum undulatum (cheesewood tree) in Jamaica (Bellingham et al. 2005), and
carried Phakopsora pachyrhizi (Asian soybean rust) to Louisiana during hurricane Ivan
(Stokstad, 2004). However, marine invasive fishes are not documented in the literature
as storm‐distributed. South Florida coastal waters are a hot‐spot for non‐native marine
introductions (Semmens et al. 2008), and the USGS‐NAS database records 33 non‐native
marine fish and one crustacean from within the studied Florida Straits. Accounts of
Chromileptes altivelis (panther grouper), Penaeus monodon (Asian tiger shrimp), and
Platax orbicularis (orbicular batfish) are recorded in the USGS‐NAS database and, in
common with lionfish, all three species reproduce via pelagic, current‐distributed larvae
(Motoh, 1981, Sugama et al. 2003; Leis et al. 2013). These three invaders have been
recorded in low numbers in South Florida. However, on the basis of the computer
simulations, it is conceivable that hurricane‐driven ocean circulation could introduce
them to the Bahamas if reproductive populations expand. Still, establishment of non‐
natives introduced to the Bahamas via the Straits is not guaranteed, and it is likely that
their success pivots on invasive traits of the inductees that may serve to facilitate their
inhabitation. Given this caveat, Bahamian waters provide a much broader marine
ecosystem when compared to degraded South Florida habitats where the non‐natives
have been recorded (Wilkinson, 2008).

As such, a favorable environment in the

Bahamas may allow species introduced by storms from South Florida to easily establish
Bahamian populations.
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The recent (2011) discovery of invasive Asian tiger shrimp in South Florida is particularly
concerning. Widespread and frequent records suggest that reproductive populations
are already established in the Gulf of Mexico and the Atlantic and may indicate that the
shrimp exhibit invasive traits empowering their success in their introduced range (USGS‐
NAS 2013). Thankfully, these shrimp are not yet reported from the Bahamas. The
Bahamian absence may be attributed to a lack of hurricanes, which are demonstrated to
be capable to transport pelagic larvae across the Florida Current, impacting the Florida
Straits in the years since the shrimp’s arrival in South Florida (given a likely detection
lag, most likely a few years before 2011).

As an aggressive predator of benthic

invertebrates, Asian tiger shrimp prey on and compete for res the ces with commercially
important native species such as the pink shrimp (Farfantepenaeus duorarum) (Marte
1980). Should storm‐forced currents spread Penaeus monodon to the Bahamas, and
also fuel their progress through the Islands, as observed with lionfish, then the
consequences to native Bahamian prey could be considerable. The literature suggests
that warming oceans, resulting from anthropogenic climate change, may increase the
intensity of Atlantic hurricanes (Webster et al. 2005; Anthes et al. 2006).

It is

disconcerting that more intense storms may become a common transport mechanism
between Florida and the Bahamas for non‐native species residing in the Florida Straits.
Going forward, the community should be aware that lionfish will likely not be the last
invasive marine species to benefit from altered water circulation instigated by
hurricanes.
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8.1

Abstract

Billions of United States dollars’ (USD) worth of environmental damages can be
attributed to the infiltration of invasive species in the United States annually. Island
nations, such as those in the Caribbean, are particularly vulnerable to the threat of
invasive species. One such invader is the highly‐successful Indo‐Pacific lionfish which
was introduced via the ornamental aquarium fish trade. Lionfish now flourish in great
densities in United States Gulf of Mexico and Atlantic waters, and the entire Caribbean,
yet the ecological cost of their introduction has yet to be assessed. In this study, a
highly‐utilized method of ecosystem valuation is employed known as Habitat
Equivalency Analysis (HEA) to measure the time‐adjusted cost of lionfish damages to
fisheries and biodiversity in the Caribbean. Drawing upon literature samples of the net
revenue streams provided by Caribbean coral reef systems, united with tangible lionfish
damages witnessed in the Bahamas, HEA is implemented to: 1) quantitatively evaluate
the cost of the lionfish invasion to fisheries and biodiversity in the broader Caribbean
and specific locations within the Bahamas, and, 2) to provide a metric by which ocean
managers can measure the monetary remunerations of lionfish controls when weighed
against removal costs. On the basis of this analysis, in the absence of lionfish culls, the
invader imposes damages to biodiversity and fisheries totaling $422.6k USD per km2 of
Caribbean reef over the study lifespan. In the same accord, minimal lionfish removals
producing just a 10% restoration of pre‐lionfish ecosystem function after ten years are
valued at $221.3k per km2 in the Caribbean. When contrasted with the costs associated
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with Caribbean coral reef bleaching, the minimum damages done by lionfish of $160.2k
per km2 were nearly double that of bleaching, estimated to be 86.0k per km2.
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8.2

Introduction

The proliferation of invasive alien species is increasingly common as human‐mediated
transport of wildlife introduces biota outside of their native ranges. The environmental
and economic losses as a result of these invaders is staggering, estimate to be $120
billion United States Dollars (USD) per year in the United States (Pimentel at al. 2005).
Island nations, such as those throughout the Caribbean, are particularly susceptible to
the threat of invasive species. This susceptibility stems from the intrinsic geographic
isolation of oceanic islands, limiting species composition to fewer, less vagile biotas
which are more sensitive to disturbance than those mainland species (Reaser et al.
2007). The non‐native predatory lionfish (Pterois volitans/miles) is documented from
the Atlantic since the year 1985 (USGS‐NAS 2014) and has rapidly infiltrated the entire
Caribbean Sea, Gulf of Mexico and tropical Western Atlantic. Invasive lionfish in the
Caribbean are found in densities far greater than those lionfish populations in their
native Indo‐Pacific (Green and Côté 2009). Lionfish were likely introduced via the
aquarium trade and feed heavily on juvenile bony fishes, crustaceans, and mollusks,
though small teleosts comprise the largest percentage of adult lionfish diets (Semmens
et al. 2004, Morris and Akins 2009).

Much work has focused on classifying and

quantifying the prey species chosen by invasive lionfish and also gaging the biomass and
diversity impacts incurred by the reefs to which they reside and feed. For instance,
Green et al. (2012) documented a sharp increase in lionfish numbers to 40% of total
predatory fish biomass spanning the years 2004 to 2010 in the Bahamas. The booming
lionfish population was linked to a 65% reduction (conservatively, as lionfish were
abundant prior to the study) in the number of lionfish prey species on reefs containing
the invader spanning the years 2008 to 2010.

Densities of lionfish in the same

Bahamian location were reported to be >390 fish ha‐1 by Green et al. (2009). Also,
Albins and Hixon (2008) found a 79% recruitment reduction of all teleosts species on
reefs artificially introduced with lionfish over a five week time period; however they did
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not report on lionfish densities observed at the study sites. There is little evidence in
the literature to suggest that lionfish prey heavily or exclusively on commercially
valuable reef species in the Caribbean such as the yellowtail snapper (Ocyurus
chrysurus) and the graysby (Cephalopholis cruentata), as these species are sparsely
found in lionfish gut contents (Morris and Akins 2009, Valdez‐Moreno et al. 2012).
More commonly, lionfish prey upon Grammatids, Apogonids, Labrids, and Gobiids, filling
a similar trophic niche as species important to fisheries and so directly competing for
food resources with them (Albins and Hixon 2008, Morris and Akins 2009, Valdez‐
Moreno et al. 2012). Evidence also suggests that lionfish may compete spatially with
native species for shelter (Barbour et al. 2011). Given this trophic and spatial overlap,
and the vast numbers of lionfish now occupying their introduced range, this fish has the
capacity to induce cascading trophic effects on ecosystem biodiversity and fisheries in
the Caribbean Sea.

Despite extensive examination of the feeding ecology of invasive lionfish, the realized
short‐ and long‐term monetary cost of lionfish in the Caribbean has not yet been
quantified. Given the extensive biodiversity and recruitment damages to reef fish
populations seen by Green et al. (2012) and Albins and Hixon (2008), the supposition
can be made that the incurred monetary damages due to lionfish is vast. Motivated by
this lack of knowledge, the purpose of this study is to provide evidence as to the
monetary injuries instigated by lionfish in the Caribbean and also to forecast the future
financial impacts if measures to control the invader fail or are slow to curb the invasive
population. To meet the study goals, Caribbean biodiversity and fisheries losses initiated
by lionfish was first quantified by employing a permutation of an ecosystem valuation
method known as Habitat Equivalency Analysis (HEA) (Dunford et al. 2004), drawing
upon literature examples of coral reef biodiversity and fisheries values to parameterize
the HEA (Cesar et al. 2003).

159

Chapter 8: Measuring the Economic Cost of Caribbean Lionfish using Habitat
Equivalency Analysis
HEA was adopted in the United States in 1987 to address the government’s ‘no net loss’
policy. The policy was inspired by the need to mitigate destruction in wetlands caused
by anthropogenic development by restoring replacement systems with equal ecosystem
function as to the habitat that was injured, hence providing a ‘no net loss’ (Sibbing
2005). A HEA computes the loss and gain of all past and future ecosystem functions
(herein referred to simply as ‘services’) in relation to pre‐ and post‐ injury (or ‘damage’)
service levels of the injured and compensatory resource. The net service losses incurred
by the damaged system are offset by gains of services in a replacement habitat (i.e.
‘compensatory action’). Services lost and gained are ‘discounted’ over time by a fixed
percentage, typically a value which reflects the contemporary rate of inflation. The
discount rate assures that services lost are deemed more valuable (in current terms) in
the preliminary years of damage, and equally, services gained via mitigation are also
more valued if performed immediately rather than at a later date. Service losses and
gains are measured in years, with one year equivalent to the entire set of services
provided by the damaged or replacement system for a given year. The net metric of a
standard HEA is a quantity of replacement habitat required to offset the losses brought
about by the injury. Though developed for terrestrial applications, the HEA method has
broad applications in marine conservation and a track record of valuing coral reef
restoration efforts (Jaap 2000, Milon and Dodge 2001, Viehman et al. 2009).

Valuing lionfish control efforts necessitates appraising the benefits to reef ecosystems
that removals can provide. Ecosystem recovery owing to lionfish removals has not yet
been assessed on a broad scale; however a small scope study in the Cayman Islands
evidenced that reducing the abundance of large lionfish, such as occurs though culls,
can shift predation from juvenile economically valuable reef fish to smaller crustaceans
such as shrimps (Frazer et al. 2012). Furthermore, Green et al. (2014) found that
reducing lionfish densities on Bahamian patch reefs produced a 50‐70% rise in native
prey fish biomass which comprised an increase of 10‐65% of the species economically
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important to fisheries over 18 months. Owing to these two studies, it can be speculated
that system recovery may be linked to varied levels of lionfish removals, and so
graduated scenarios of ecosystem recovery times, partitioned over yearly time‐steps,
were modelled in this study. All valuations provided are measured in US$ per km2 in
order that the results may be widely applied through the entire Caribbean. Two case
studies which itemize lionfish damages for sub‐regions of the Caribbean are included to
provide a realistic application of the study data.

It is hoped this effort can, 1),

quantitatively evaluate the cost of the lionfish invasion to fisheries and biodiversity in
the broader Caribbean and specific locations within, and 2), provide a metric by which
ocean managers can estimate the monetary benefits of lionfish control‐efforts when
considering potential removal costs.

8.3

Materials and Methods

HEA calculations can be performed either manually or with the help of automated
software tools such as the Visual_HEA computer program. Visual_HEA, created by the
National Coral Reef Institute (NCRI), provides a consistent and robust way for ocean
managers to implement a standard HEA (Kohler and Dodge 2006).

Visual_HEA

automates repetitive and tedious HEA computations which are otherwise prone to
human error, and for this reason, the software was implemented to perform the HEA.
For additional information about the software, visit the NCRI Visual_HEA website at
http://www.nova.edu/ocean/visual_hea.

8.3.1 Visual HEA Input Parameters

To use Visual_HEA, values that represent the quantity of habitat loss (injury), the
inflation‐adjusted valuation of money over time, recovery and mitigation site growth (if
applicable), and also the expected future gains for any compensatory measures are
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input by the analyst via a rich graphical interface. The HEA outputs from Visual_HEA
comprise a graph of injury and recovery at the damaged site and also any gains achieved
as a result of compensatory action.

Table 8.1. Parameters and Values which Define the HEA.
Parameter

Value

Pre‐injury Service Level

100%

Pre‐restoration Service Level

0%

Time unit

1 year

Discount Rate

3%

Claim Year

2008

Units

km2

Number of injured area units

1

Gain Perpetuity

yes

Loss Perpetuity

yes

A review of the measurements required to parameterize Visual_HEA follows (See Table
8.1 for actual values used in the HEA). The pre‐injury service level values the level of
services provided by the injured site before the damage occurs and is expressed as a
percentage. Pre‐restoration service level, also a percentage, measures the service level
of the restoration site before compensatory actions are implemented. A time unit,
typically one year but sometimes one quarter‐year, is the incremental step over which
losses and gains are calculated. The discount rate is a percentage rate per time unit by
which the values of losses and gains are decremented as time lapses over the lifetime of
the HEA. A claim year is the year that the injury occurs. The claim year can be arbitrary
or a specific date upon which to initialize the HEA. Service gains and losses are
measured per unit, i.e. per km2 or acre, and the number of injured area units represents
the extent of the injured area. Service losses at the injured area comprise the level and
duration of habitat loss spanning the time of injury until the conclusion of the analysis.
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Service gains from compensatory action (restoration) define the expected level of
gained services as a result of compensatory action spanning the analysis time frame. If
the gain and loss perpetuity options are indicated, losses and gains are calculated until
those values fall to zero owing to the discount rate.

8.3.2 HEA to Quantify Damages to Fisheries and Biodiversity by Lionfish

A standard HEA calculates the total area of replacement habitat which must be restored
in order to compensate for the damage at the injury site. For the HEA performed in this
study, an equitable restoration of services was not calculated such as would be provided
by coral reef restoration (coral fragment outplantings, etc.) which may increase
biodiversity and provide for a subsequent cascading effect on fisheries. The reason a
restoration of services was not considered is that lacking lionfish removals, a restoration
effort and resultant service gains would be negated due to continued predation by
resident Caribbean lionfish. Instead, HEA was used to quantify the damage incurred by
lionfish by measuring the net loss of Discounted Service Unit Years (DSUYs), which are a
discrete measure of the loss or gain of service level years at each time‐step during the
analysis. DSUYs lost resulting from lionfish damage and DSUYs gained due to lionfish
control measures (assuming naturally recovery thereafter) were calculated for both
fisheries and biodiversity and then subtracted, leaving a net loss of services. The net
service years lost were then enumerated using literature examples of per km2 monetary
values for the services rendered to Caribbean biodiversity and fisheries provided by
Caribbean reefs (Cesar et al. 2003). It is unknown if the widespread lionfish damages
seen by Green et al. (2012) and Albins and Hixon (2008) represent similar injury
throughout the entire Caribbean as few non‐Bahamian studies are available by which to
quantify lionfish‐induced loss of ecosystem services. Nevertheless, these two studies
can serve as case scenarios and also guide the HEA in order to quantify the monetary
impacts in similar heavily lionfish‐impacted Caribbean locales. As the HEA measures the
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financial impact of lionfish per km2, the results from this study are applicable to any
constituency similarly affected by lionfish (as to the Bahamas) when the total area of
reef containing depleted stocks of natural reef fish owing to lionfish is known.

Green et al. (2012) reported a 65% reduction in biodiversity on lionfish‐dominated
Bahamian reefs spanning the years 2008 to 2010 and this percentage was used to
measure biodiversity‐related services lost for Caribbean reefs. When investigating the
impacts of lionfish on Caribbean fisheries, the HEA was established upon the 79%
reduction of recruitment as reported by Albins and Hixon (2008). Though the latter
authors indicate that lionfish do not prey heavily on commercially important species,
the fish that comprise the largest percentage of adult lionfish diets are also important
prey items for post‐juvenile fish of commercial importance. Given this, in place of the
79% found by the authors, a conservative estimate of a 40% reduction in reef fish
recruitment, extending unto perpetuity, was used. The 40% recruitment reduction
comprises direct predation by lionfish on commercially valuable species as well as the
cascading trophic effects which may result from spatial and trophic competition with
those same species.

The duration of injury due to lionfish, for both fisheries and biodiversity, was set to span
the years 2008 to 2010 based on Green et al. (2012). In the HEA, ‘recovery’ was
attained by lionfish control and succeeded the injury through the year 2020 and unto
perpetuity. Realistically, it is not likely that all lionfish are able to be permanently
removed from a Caribbean site due to constant propagule pressure from distant
locations (e.g. Johnston and Purkis 2014a). Therefore, recovery of the lionfish damaged
reefs to a 100% pre‐injury level is likely unattainable. Reflecting this reality, an 80%
recovery rate was determined as a more realistic goal for ecosystem recovery, which
was then sensitivity tested by varying the rate ±10% (70% and 90% recovery rates). In
order to quantify differing rates of lionfish removals and the subsequent return of
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ecosystem function that likely follows, recovery scenarios were modelled beginning with
year one post‐injury (the year 2011) until the year 2020, for a total of 10 model‐runs.
For each run, the same start year was used with a different recovery year, incremented
in one year steps. As service levels on damaged reefs will probably never attain their
pre‐injury baseline levels of service due to the difficulties associated with lionfish
control, and lionfish removals will also continue to yield services beyond the year 2020,
both losses and gains were calculated ‘in perpetuity’. Calculating losses and gains in
perpetuity ensured that all future values of both the injury and recovery are
incorporated in the analysis. Given this, the value estimates per km2 are total net
losses.

To estimate the monetary value of services lost and gained in the Caribbean, data on
reef values were used from a study by Cesar et al. (2003) which valued coral reef
systems globally. Cesar estimated the total reef coverage in the Caribbean (excluding
reefs in USA waters) to be 19,000 km2. The net monetary benefit‐streams to fisheries
for all Caribbean coral reefs were estimated to be $391 million and to biodiversity $79
million, translating to $20.6k (thousand) (fisheries) and $4.2k (biodiversity) per km2. To
account for inflation, the amounts were adjusted by 3% annually until the year 2008
(the claim year, or start year of the injury), arriving at a final worth of $23.9k (fisheries)
and $4.8k (biodiversity) per km2, respectively.
Employing the per km2 costs obtained from the HEA, two case studies were completed
which, 1), estimated the monetary losses by lionfish to Bahamian reefs fringing New
Providence Island (NPI) ‐ relevant as this is the same location of study upon which
estimates of biodiversity loss as documented by Green et at. (2012) were based, and, 2),
valued service losses from lionfish to reefs surrounding the Inaguas Islands. The Inaguas
were chosen because the Islands show high species diversity and are relatively un‐
impacted by anthropogenic pressure. Still, lionfish show high abundance in the Inaguas
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and have been associated with declines in near‐shore populations of small teleosts such
as grunts, silversides, chromis, and damselfish, all which are lionfish prey species (Bernal
et al. 2010).

Finally, in order that the minimum lionfish losses (defined as recovery to an 80% service
level given a one year recovery rate) computed in this study could be contrasted with
valuations of reef damages wrought by other stressors to global reef systems, such as
coral bleaching and climate change, an additional HEA was performed for a period of 50
years. This 50‐year time‐frame corresponds to the period over which Cesar et al. (2003)
assessed global reef damages caused by coral bleaching and so can be a useful
comparison between lionfish damages and those additional stressors which are fuelling
the Caribbean reef crisis. The HEA was calculated over 50 years without perpetuity, as
per Cesar et al. (2003), otherwise, input values remained the same as the prior in‐
perpetuity analysis (Table 8.1).

8.4

Results

8.4.1 Lionfish Impacts to Bahamian Fisheries and Biodiversity

The HEA showed that the net DSUYs lost due to lionfish damages to Caribbean fisheries,
based on a 40% reduction in recruitment, spanned from a minimum of 6.96, when
recovery to 80% function is restored within one year (Figure 8.1), to a maximum of 7.73
when a gradual and protracted rate of restoration (by 2020) was executed (Table 8.2,
Table 8.3, see Table 8.4 for sensitivity testing). When lionfish control was completely
absent and thus no recovery was realized, the total DSUYs lost inflated to 13.34.
Monetary damages ranged from a minimum of $168.2k per km2 given an 80% recovery
by 2011, to a maximum cost of $184.5k per km2 when function was restored by the year
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8

2018

60%

20%

80%

13.336

5.765

7.571

23,857

180,619

137,534

9

2019

60%

20%

80%

13.336

5.683

7.653
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182,575
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10
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80%

13.336
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7.732
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184,460

133,693
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35%

0%

80%

21.671

‐

21.671

4,820

104,457

1

2011

35%

45%

80%

21.671

14.351

7.32

4,820

35,283

69,174

2

2012

35%

45%

80%

21.671

14.142

7.529

4,820

36,291

68,166

3

2013

35%

45%

80%

21.671

13.937

7.734

4,820

37,279

67,178

4

2014

35%

45%

80%

21.671

13.736

7.935

4,820

38,248

66,209

5

2015

35%

45%

80%

21.671

13.539

8.132

4,820

39,197

65,260

6

2016

35%

45%

80%

21.671

13.346

8.325

4,820

40,128

64,330

7

2017

35%

45%

80%

21.671

13.156

8.515

4,820

41,043

63,414

8

2018

35%

45%

80%

21.671

12.97

8.701

4,820

41,940

62,517

9

2019

35%

45%

80%

21.671

12.788

8.883

4,820

42,817

61,640

10

2020

35%

45%

80%

21.671

12.609

9.062

4,820

43,680

60,777

50‐year Timespan Calculated Without Perpetuity
1
1

2011
2011

60%

20%

80%

10.469

4.945

5.524

23,857

131,784

117,971

35%

45%

80%

17.013

11.126

5.887

4,820

28,376

53,629

Table 8.3 Sample HEA. Sample HEA for Caribbean fisheries exhibiting an initial service
loss of 40% (from a 100% pre‐service level, resulting in a remnant 60% service level)(A)
and 20% subsequent recovery rate due to lionfish removals (B) (scenario 1 in Table
8.2). A net recovery rate of 80% is attained within one year using mid‐year accounting
in this example.
Beginning End

Mean

Raw

Service

Service

Service

SUYs

Discount Discounted

Year

Level

Level

Level

Lost

Factor

SUYs Lost

2008

0.00%

20.00%

10.00%

0.100

1.000

0.100

2009

20.00%

40.00%

30.00%

0.300

0.971

0.291

2010

40.00%

40.00%

40.00%

0.400

0.943

0.377

2011

40.00%

40.00%

40.00%

0.400

0.915

0.366

2012

40.00%

40.00%

40.00%

0.400

0.888

0.355

2013

40.00%

40.00%

40.00%

0.400

0.863

0.345

2014

40.00%

40.00%

40.00%

0.400

0.837

0.335

2015

40.00%

40.00%

40.00%

0.400

0.813

0.325
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2016

40.00%

40.00%

40.00%

0.400

0.789

0.316

2017

40.00%

40.00%

40.00%

0.400

0.766

0.307

2018

40.00%

40.00%

40.00%

0.400

0.744

0.298

2019

40.00%

40.00%

40.00%

0.400

0.722

0.289

2020

40.00%

40.00%

40.00%

0.400

0.701

0.281

Beyond

9.352

Total Discounted Service Unit Years (DSUYs) lost:

13.336

Beginning End

Mean

Raw

Service

Service

Service

SUYs

Discount SUYs

Year

Level

Level

Level

Gained

Factor

Gained

2010

0%

20%

10%

0.100

0.943

0.094

2011

20%

20%

20%

0.200

0.915

0.183

2012

20%

20%

20%

0.200

0.888

0.178

2013

20%

20%

20%

0.200

0.863

0.173

2014

20%

20%

20%

0.200

0.837

0.167

2015

20%

20%

20%

0.200

0.813

0.163

2016

20%

20%

20%

0.200

0.789

0.158

2017

20%

20%

20%

0.200

0.766

0.153

2018

20%

20%

20%

0.200

0.744

0.149

2019

20%

20%

20%

0.200

0.722

0.144

2020

20%

20%

20%

0.200

0.701

0.140

Discounted

Beyond

4.676

Total Discounted Service Unit Years (DSUYs) Gained

6.380

Net Discounted Service Unit Years (DSUYs) Lost

6.958
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Table 8.4 Recovery Rate Sensitivity Testing. Recovery rates varied ±10% for each
consecutive modelled year. Shown are the minimum and maximum rates observed in
addition to no recovery. Highlighted in grey are modelled values for the loss to
Caribbean biodiversity per km2.
Recovery
Year

Injury
Service
Level

Recovery
Service
Level

Total
Service
Level

DSUYs
Lost

DSUYs
Gained

Net
DSUYs
Lost

Value
Per
Unit
(USD)

Loss Per
km2
(USD)

‐

60%

0%

60%

13.34

‐

13.34

23,857

318,152

‐

35%

0%

35%

21.67

‐

21.67

4,820

104,457

1

2011

60%

10%

70%

13.34

3.189

10.15

23,857

242,073

2

2012

60%

10%

70%

13.34

3.143

10.19

23,857

243,171

3

2013

60%

10%

70%

13.34

3.097

10.24

23,857

244,268

4

2014

60%

10%

70%

13.34

3.052

10.28

23,857

245,342

5

2015

60%

10%

70%

13.34

3.009

10.33

23,857

246,368

6

2016

60%

10%

70%

13.34

2.966

10.37

23,857

247,393

7

2017

60%

10%

70%

13.34

2.924

10.41

23,857

248,395

8

2018

60%

10%

70%

13.34

2.882

10.45

23,857

249,397

9

2019

60%

10%

70%

13.34

2.842

10.49

23,857

250,352

10

2020

60%

10%

70%

13.34

2.802

10.53

23,857

251,306

1

2011

35%

35%

70%

21.67

14.35

7.32

4,820

50,655

2

2012

35%

35%

70%

21.67

14.14

7.529

4,820

51,441

3

2013

35%

35%

70%

21.67

13.94

7.734

4,820

52,207

4

2014

35%

35%

70%

21.67

13.74

7.935

4,820

52,959

5

2015

35%

35%

70%

21.67

13.54

8.132

4,820

53,701

6

2016

35%

35%

70%

21.67

13.35

8.325

4,820

54,424

7

2017

35%

35%

70%

21.67

13.16

8.515

4,820

55,133

8

2018

35%

35%

70%

21.67

12.97

8.701

4,820

51,976

9

2019

35%

35%

70%

21.67

12.79

8.883

4,820

56,516

10

2020

35%

35%

70%

21.67

12.61

9.062

4,820

57,186

1

2011

60%

30%

90%

13.34

9.567

3.769

23,857

89,916

2

2012

60%

30%

90%

13.34

9.428

3.908

23,857

93,232

3

2013

60%

30%

90%

13.34

9.291

4.045

23,857

96,500

4

2014

60%

30%

90%

13.34

9.157

4.179

23,857

99,697

5

2015

60%

30%

90%

13.34

9.026

4.31

23,857

102,822

6

2016

60%

30%

90%

13.34

8.897

4.439

23,857

105,900

7

2017

60%

30%

90%

13.34

8.771

4.565

23,857

108,906

8

2018

60%

30%

90%

13.34

8.647

4.689

23,857

111,864

Scenario
No
Recovery
No
Recovery
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9

2019

60%

30%

90%

13.34

8.525

4.811

23,857

114,774

10

2020

60%

30%

90%

13.34

8.406

4.93

23,857

117,613

1

2011

35%

55%

90%

21.67

17.54

4.131

4,820

19,912

2

2012

35%

55%

90%

21.67

17.29

4.386

4,820

21,141

3

2013

35%

55%

90%

21.67

17.03

4.637

4,820

22,351

4

2014

35%

55%

90%

21.67

16.79

4.882

4,820

23,532

5

2015

35%

55%

90%

21.67

16.55

5.123

4,820

24,694

6

2016

35%

55%

90%

21.67

16.31

5.36

4,820

25,836

7

2017

35%

55%

90%

21.67

16.08

5.591

4,820

26,949

8

2018

35%

55%

90%

21.67

15.85

5.818

4,820

28,044

9

2019

35%

55%

90%

21.67

15.63

6.041

4,820

29,118

10

2020

35%

55%

90%

21.67

15.41

6.26

4,820

30,174

As for biodiversity, a DSUYs loss of 7.32 per km2 was found when 80% recovery was
achieved by the year 2011 and 9.06 when recovery reached 80% by the year 2020 (Table
8.2). In the absence of lionfish control, 21.67 DSUYs were lost per km2. The value of the
DSUY losses to biodiversity were $35.3k per km2 for a recuperation of services by the
year 2011, $43.7k per km2 with recovery by the year 2020, and $104.5k per km2without
gain of lost services.
Summing the service losses for both fisheries and biodiversity per km2 of Caribbean reef,
the total monetary cost due to lionfish was determined to be $201.3k, $228.1k, and
$422.6k for the year 2011, 2020, and non‐recovery scenarios (Figure 8.2).

It is

important to note that all loss and gains for the stated values were calculated in
perpetuity, inferring that the given monetary costs represent the total net of all present
and future lionfish injuries and also all restoration of services provide by lionfish control
efforts. This value also does not consider the value of lionfish fisheries, restaurant
income from the sale of lionfish, additional tourism income from culling tournaments.
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without repair to an 80% pre‐injury level, a mean of $2.1k per km2 in value was lost for
fisheries, with the maximum cost from year one‐to‐two of $2.2k and the minimum of
$1.9k for a 10 year recovery rate. As for biodiversity, a mean monetary loss of $4.8k
was found, with a minimum loss of $1.0k and the greatest cost topping $1.3k per km2.

When varying the service recovery rate (i.e. sensitivity testing ‐ see Table 8.4 for all
tested values) by ±10% for both fisheries and biodiversity, a minimum loss to fisheries of
$90.0k (recovery to 90% service level) and maximum of $251.3k per km2 (recovery to
70% service level) was witnessed. For biodiversity, a minimum of $19.9k (90% recovery)
and maximum of $57.2k (70% recovery) loss for each km2 was found.

8.4.3 Lionfish Costs to New Providence Island and the Inaguas Islands
The total reef coverage in waters surrounding NPI was estimated to be 83 km2,
established on data obtained from ReefBase (Figure 8.3A) (ReefBase 2014). Using the
minimum and maximum value of services found by the HEA for one‐to‐ten year
recovery rates, an estimated combined (fisheries and biodiversity) loss ranging from
$16.7 million to $18.9 million if lionfish control is successful was found on NPI reefs. In
the absence of lionfish removals, the cost of lionfish damages doubled to $35.0 million.
Waters surrounding the Inagua Islands comprise about 104 km2 of reef habitat (Figure
8.3B) (ReefBase 2014). Applying the monetary loss of services computed by the HEA to
the Inaguas brought about a cost of $21.0 million to $23.8 million for recoveries
spanning one‐to‐ten years. If lionfish control is unsuccessful in the Islands, lionfish will
have cost the Inaguas $44.1 million.
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control effort. If removals succeed to produce an 80% pre‐injury function level swiftly
(within one year), the recovery effort was valued at $221.3k per km2, a gain of 52%.
Intrinsically, even a conservative effort to contain the lionfish invasion holds important
value as opposed to ignoring resident lionfish populations, while a more concerted
effort brings a much greater rate of return than no control.

The lowest calculated losses cost $16.7 million to NPI and $21.0 million to the Inaguas,
highlighting the minimum damages which likely have already been incurred at these
locations. It is worthy to note that lionfish culls in the waters surrounding NPI will likely
be greater than culling efforts in the Inaguas owing to NPIs proximity to high human
population centers (Nassau).

Conversely, the Inaguas are remote and sparsely

populated, perhaps resulting in lower lionfish removals and a subsequent reduced level
of ecosystem restoration. As such, the $21.0 million in damages estimated for the
Inaguas should be interpreted as conservative. This example demonstrates a simple and
practical use of the values derived from the HEA and can be used to guide future
applications.

Invasive lionfish are among only one of the stressors which are fuelling the Caribbean
reef crisis, not the least of which comprise ocean warming and acidification, overfishing,
sea‐level rise, and loss of species composition. Using the same 3% discounting rate as
this study, and spanning 50 years, Cesar et al. (2003) estimated an $83 billion total cost
to global coral reefs (annually adjusted for inflation to $96.2 billion) as a result of
climate change and associated ‘severe’ coral bleaching. Given a more ‘moderate’
bleaching scenario, the cost was estimated to be $21 billion (annually adjusted for
inflation to $24.3 billion) over the same period. Applying this cost to the Caribbean
(which contains 19,000 km2 of reef), and provided that fisheries and biodiversity
comprise 25.4% of the total net benefit‐streams to the Caribbean (Cesar et al. 2003), a
loss of $86.0k per km2 with severe and $21.7k per km2 for moderate bleaching was
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calculated. Tol (1997) estimated Caribbean‐specific damages resulting from increased
ocean surface temperatures, sea‐level rise, and loss of species composition of $109.9
million, annually adjusted as to include 3% annual inflation to $127.4 million ($1.7k per
km2 when applied as to fisheries and biodiversity). Framed against the costs wrought by
reef bleaching (Cesar et al. 2003) and other stressors as proposed by Tol (1997), the
minimum and most conservative lionfish damages incurred to fisheries and biodiversity
as calculated in the HEA ‐ $131.8k and $28.4k, respectively, summing to $160.2k per km2
‐ far outpace those estimated by the comparison studies. This finding elucidates the
gravity of the lionfish invasion.

It should be bore in mind that the HEA did not measure lionfish‐mediated losses to
recreation and tourism, which, when adjusted for 3% inflation, is estimated to be $769
million per year based on Cesar et al. (2003). Likewise, the values offered by the
investigation can be considered a conservative and fractional measure of lionfish
damages to the Caribbean as they include only damages done to fisheries and
biodiversity. The damages to recruitment and biodiversity in this study were calculated
in locations which have already suffered reef degradation due to fishing pressure, coral
bleaching, and pollution, among an elongated list of stressors to Caribbean coral reefs.
It follows that it is assumed that the losses measured by the founding studies are solely
to be attributed to damages by invading lionfish. It is also noteworthy that continued
degradation and loss of coral reef systems (Mumby et al. 2004) since the valuation by
Cesar may alter the per km2 monetary loss and gain values used here. Despite the loss
of Caribbean reef coverage, lionfish show habitat plasticity and are not restricted to reef
ecosystems, occupying mangrove estuaries, artificial structures, and sea grass flats
(Albin and Hixon 2008, Barbour et al. 2008, Morris and Akins 2009, Jud and Layman
2012). As such, any loss of reef habitat upon which the per km2 metric of valuation was
derived is perhaps more than compensated for by those lionfish inhabiting non‐reef
systems.
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It is possible that the reductions in biodiversity and recruitment observed by Green et al.
(2012) and Albins and Hixon (2008) are directly linked to high lionfish densities; however
any potential relationship between lionfish damages and biomass has not yet been
quantitatively evaluated. It is important that both studies were performed in the
Bahamas and additional work by Darling et al. (2011) found similar high lionfish
densities on Bahamian reefs surrounding New Providence Island. This study based
recruitment and biodiversity reductions on assessments from highly lionfish‐dense
locations and therefore the interpretation of the results should be limited to locations
showing similar concentrations of lionfish. It follows that the monetary losses implied
by the study must be taken with caution and, if construed austerely, should be applied
to localities which harbour lionfish in similar numbers as to those in the study locations
from which data was harvested for the HEA. Still, the study results should be useful as
a baseline to measure the costs attributed to Caribbean lionfish. Should the lionfish
density‐to‐injury ratio become apparent, the study approach can be reapplied in smaller
scale to Caribbean locations which exhibit similar species composition as the study sites
but differing lionfish biomass.

8.5.1 The difficulties of Lionfish Control

As lionfish are now found in great numbers in most Caribbean habitats, lionfish removal
programs have been implemented by many Caribbean nations to varying degrees of
success. To date, the most effective method of lionfish control is through manual
removal, such as that which can be accomplished via recreational spearfishing and
hand‐netting. Indeed, ‘lionfish derbies’ are held on a regular occasion throughout the
Caribbean and have proven an effective local control mechanism (Barbour et al. 2011).
Regrettably, this fishery is confined to waters shallower than recreational dive limits (30
meters), is a laborious effort, and is not likely to produce complete eradication (Barbour
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et al. 2011). Moreover, local derbies do not target lionfish populations in distant and
uninhabited regions, such as the Inaguas. Also, being ambush predators which consume
live prey, lionfish are not vulnerable to a traditional hook and line fishery. The most
promising method to target deep lionfish, which perhaps may serve as reservoirs for
uncontrolled adult populations, appears to be the by‐catches of lionfish collected from
reef traps (Morris and Whitfield 2009). Even so, further development of a trap‐fishery
would necessitate gear which target lionfish singularly in order to reduce the inevitable
by‐catch of native species. To date, such gear has not been developed. It must also be
realized that ongoing gains to fisheries and biodiversity obligate a continuous lionfish
cull in order to be effective, as evidenced by Barbour et al. (2011) who found that
lionfish biomass recovered to 90% of unfished biomass after only six years of non‐
removals.

Even with wholesale removals, partial recovery is likely only where

elimination rates are high (>50%) and only on small spatial scales (Morris et al. 2011).
Johnston and Purkis (2014a) demonstrated long‐distance connectivity between
disparate Caribbean lionfish populations and that upstream (‘source’) populations
provide recruits to distant (‘sink’) populations, further complicating lionfish control.
Because of vast Caribbean connectivity, it is likely that limited‐scope efforts alone
cannot entirely regulate local populations. Given these caveats, the prospect of
successful and widespread lionfish regulation is daunting at best and perhaps un‐
attainable for the entire Caribbean.

Even so, local eliminations demonstrate

measureable gains and the results of this evaluation can be used to quantify those
successes (Frazier et al. 2012, Green et al. 2014)

Enumerating the variable costs to contain lionfish by trapping, spear fishing, or other
methods will be central going forward to determine the actual realized monetary value
of lionfish removals and also the potential application of this analysis. Lionfish removal
costs must be offset by any realized monetary gains to the fisheries and biodiversity that
Caribbean reefs support. It is widely acknowledged that invasive species control costs
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are extraordinarily high (Pimentel et al. 2005) and these extreme costs are especially
relevant to lionfish which require a tedious manual removal regime. To date, the
expenditures of such programs have not been quantified; however this HEA can be an
important metric upon which to base the worth of lionfish controls versus damages.
Quantifying the value of lionfish control efforts to any expected returns is a critical
subject which needs study.
8.6

Conclusions

Herein a minimum combined monetary loss to Caribbean fisheries and biodiversity of
$201.3k per km2 was found when recovery to 80% of pre‐lionfish service levels is
attained within one year. In the same accord, the value of lionfish removals is valued at
$221.3k per km2 given the same rapid rate of ecosystem reclamation. Protracted rates
of recovery are more costly. However, when Caribbean lionfish are left uncontrolled, the
maximum monetary cost of lionfish damages doubles to $422.6k per km2. When
contrasting literature examples of severe reef bleaching in the Caribbean to lionfish
damages, the minimum lionfish‐instigated cost to Caribbean fisheries and biodiversity is
almost double that of bleaching, measuring $86.0k per km2 for bleaching versus $160.2k
per km2 for lionfish damages (Cesar et al. 2003). It is hoped that the costs computed
from this HEA can be useful as a baseline metric upon which to value future lionfish
losses and also to measure the perceived value of lionfish population control methods.
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A Coordinated International Strategy is Required to Turn the Tide

on the Atlantic Lionfish Invasion
9.1

Abstract

Invasive Atlantic lionfish have wrought widespread ecosystem damages in the western
Atlantic, Gulf of Mexico and Caribbean. As a matter of urgency, strategies to suppress
this invasive population have therefore risen to the fore amongst the ocean
management community. Using a biophysical model and ocean climate data, this study
demonstrates how Atlantic lionfish larvae are dispersed by currents and how this,
combined with their breeding strategy, negates effective control using methods
traditionally executed on a local scale, such as spear‐fishing derbies. This study
quantitatively emphasizes the high level of larval connectivity that exists between the
many nations whose waters now support established lionfish populations. For any given
area, the study indicates the key to turning the tide of the invasion is to simultaneously
choke the strongest upstream linkages that supply external larvae and renourish the
local population. On the basis of a case study developed for the Carolinas, an area in the
eastern seaboard of the United States where lionfish have become particularly well
established, the model suggests that such a strategy requires monthly culls that remove
20% of lionfish biomass in the Carolinas and all upstream locations which are
hydrographically linked to the Carolinas. If local controls are utilized in conjunction with
culls focused solely in those locations most highly linked to the Carolinas, the required
cull rate exceeds 60% and is only effective for five years. We anticipate the results from
this study might provide a baseline against which a meaningful eradication strategy can
be developed for the western Atlantic nations whose waters are now plagued by
lionfish.
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9.2

Introduction

Two subspecies of the invasive Indo‐pacific lionfish (Pterois volitans/miles) have resided
in the western Atlantic and Caribbean for nearly three decades. Initially reported off of
Dania Beach, Florida in 1985 (USGS‐NAS 2014), the first lionfishes recorded are thought
to be released aquarium pets that succeeded in forming a self‐sustaining and
reproductive population from as few as ten founding individuals (Whitfield et al. 2002,
Hamner et al. 2007). Lionfish are now the dominant predatory fish on many coral and
artificial reefs spanning the entire tropical western Atlantic, Gulf of Mexico, and
Caribbean (referred collectively as the ‘study domain’). The density of lionfish in some
areas within the study domain far surpasses that of lionfish populations in the Indo‐
pacific where they are native (Green et al. 2012). The lionfish has demonstrated to be
the most prolific and swiftest marine invader recorded in Atlantic and Caribbean waters.
The literature has catalogued the invasion success of Atlantic lionfish in great detail,
particularly concentrating on the ecology of the fish, such as the trophic niches which
lionfish have assumed (Morris and Akins 2009, Valdez‐Moreno et al. 2012), their habitat
preferences (Albins and Hixon 2008, Barbour et al. 2008, Morris and Akins 2009, Jud and
Layman 2012), potential predators of the lionfish (Green and Côté 2009, Mumby et al.
2011, Hackerott et al. 2013), and how predation by lionfish has impacted native fauna
(Albins and Hixon 2008, Bernal et al. 2010, Green et al. 2012). Owing in part to a lack of
natural control of the invasive population (Hackerott et al. 2013), and with the
realization that lionfish are now likely a permanent resident within the western Atlantic,
Gulf of Mexico, and Caribbean, recent work has shifted direction from understanding
the ecology of the invader to exploring efforts to control them. The overall aim of
lionfish removal programs is to contain the invasion and conceivably suppress lionfish
abundances to a level below that which is deemed ecologically sustainable or, if
feasible, complete eradication (Morris et al. 2011, Barbour et al. 2011, Arias‐González et
al. 2011, Green et al. 2014)
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Contemporary lionfish control is primarily administered through manual removal of the
fish (referred to herein as ‘culls’) such as that which is accomplished during lionfish
derby events and recreational spear and hand‐net fishing (Barbour et al. 2011). In the
Cayman Islands, targeted local culls of lionfish executed over a 205 day span reduced
the abundance of lionfish and also shifted the size frequency of lionfish to smaller size
classes as a result of divers targeting mostly large adult fish. (Frazier et al. 2012). It was
hypothesized that this demographic shift, albeit likely temporary as lionfish grow
quickly, may result in lower predation on native reef fish by lionfish given that smaller
lionfish primarily prey on crustaceans such as shrimps. Bejarano et al. (2014) speculated
that targeted lionfish culls in the Caymans would be the most effective if focused on
rugose sites at the edge of deep water as that is where Cayman lionfish were the most
abundant. Frazier et al. (2012) suggested that lionfish do not disperse rapidly to fill
habitats vacated as a result of removal efforts; however this should not be surprising
given that adult lionfish are shown to be non‐migratory over distances of greater than 2
km (Jud and Layman 2012, Tamburello et al. in press, Akins et al. 2014). Conversely,
work by Johnston and Purkis (2014a, 2014b) indicates that lionfish are capable of rapid
dispersal, though this diffusion occurs during the larval phase conducted on ocean
currents and not active movement by adult fish. Fish surveys that were conducted to
measure the effectiveness of lionfish culls on the island of Bonaire found that when
compared to the nearby island of Curacao, which was unfished, lionfish abundance was
a factor of 4.2 lower in Bonaire two years after the lionfish management program was
initialized (De Leon et al. 2011). Similar to the study by Frazier et al. (2012), lionfish
weights and sizes were smaller on Bonaire than Curacao.

Both of these studies

therefore show that local lionfish culls at least have the potential to be effective in
controlling lionfish abundance over the short timescales.

Barbour et al. (2011) quantified the requisite cull rates to control lionfish using an age‐
structured population model, concluding that an annual exploitation rate of 35% to 65%
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would be needed to cause lionfish overfishing and thus a reduction of lionfish biomass.
The authors found, however, that lionfish populations which were left unchecked in
their model subsequently recovered to 90% of unfished biomass six years after
cessation of culls. Importantly, however, the study did not include those contributions
of larvae from lionfish outside of the local model population. Barbour et al. (2011) also
acknowledged that, had outside recruits been considered, lionfish abundance may
rebound quicker than their study suggests. A similar study by Morris et al. (2011) used a
stage‐based matrix population control model to estimate the removal rates required to
hypothetically reduce the abundance of lionfish. In this study, a 27% percent monthly
reduction rate was conceived as capable to produce a reduction in the lionfish
population. As for Barbour et al. (2011), the authors focused on local controls and did
not estimate the influx of lionfish recruits from outside of their model system. It was
also noted by the authors that partial recovery is likely only at local levels where cull
rates are greater than 50% and performed on a consistent and monthly basis. Arias‐
González et al. (2011) used an Ecopath‐with‐Ecosim model to test the resilience of
lionfish to culls and also evaluated the impacts of lionfish culls on Caribbean food‐web
structure by altering short‐duration (five years) lionfish mortality rates resulting from
fishing pressure. Consistent with the findings of Barbour et al. (2011) and Morris et al.
(2011), lionfish biomass quickly rebounded when virtual culls were halted and frequent
eliminations of all age classes were compulsory to control lionfish densities.

As the authors recognize, what is conspicuously absent from the lionfish modelling
studies of Arias‐González et al. (2011), Barbour et al. (2011), and Morris et al. (2011) is a
lack of consideration as to how hydrodynamic connectivity within the simulation may
alter the dynamics of lionfish abundance. The motivation of this study is to develop a
spatial model that couples hydrodynamics and the life cycle of the organism. Larval
lionfish are pelagically‐dispersed via ocean currents and it is probable that the quick
rebound of lionfish populations as modelled by Barbour et al. (2011) and Arias‐González
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et al. (2011) may be exacerbated by constant propagule pressure from unfished
upstream lionfish populations, to which those studies did not consider. Johnston and
Purkis (2011, 2014a, 2014b) demonstrated that lionfish populations contained within
the study domain are not isolation populations, but rather an interconnected population
matrix that is coupled hydrographically. Within the study domain, numerous upstream
(source) regions, such as the Florida Keys, supply downstream (sink) locations, such as
the Carolinas, with a consistent influx of viable lionfish recruits conducted on ocean
currents via the Gulf Stream. As such, it is reasonable that perhaps a more widespread
and cooperative containment effort between source and sink regions may yield better
suppression of lionfish abundance than the sequestered local control efforts currently
being utilized in the field, including those scenarios which have been previously
modelled. A comprehensive solution to lionfish control may necessitate a unique and
multination collaboration, whereas both source and sink lionfish populations are culled
to produce the desired outcome of a reduced lionfish population in downstream
localities.

The motivation for this study was to determine whether lionfish control at a local level,
augmented by control efforts in distant locations but those to which are highly linked via
larval connectivity pathways, are capable to produce a net reduction of lionfish biomass
in the downstream location. The Carolinas were chosen as a focus sub‐region (deemed
‘precincts’ and defined as roughly equal‐sized geographical sections of the model
domain that were named according to nearby countries or geographical features) upon
which to measure the success of synergistic control efforts as dense lionfish populations
were reported there by Whitfield et al. (2007). The Carolinas also receive an influx of
larval lionfish recruits transported from upstream precincts, such as the Florida Keys, on
the Gulf Stream. Given this, the Carolinas in a good example by which to test cull efforts
in linked precincts and this example is broadly representative for other settings within
the study domain. The purpose of the study was to identify the most critical linkages
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(referred to going forward as ‘links’ or ‘linkages’) between precincts within the study
domain and to estimate the percentage of lionfish which must be removed from a
precinct in order to break the links between distant lionfish populations. From this
work, it is hoped that a more skillful and coordinated lionfish control program between
linked nations may be realized, one which may effectively disrupt the links between
distant lionfish populations and reduce lionfish abundance throughout the entire range
of the invasion.

9.3

Materials and Methods

To test the theory that lionfish culls focused in linked precincts within the study domain
may promote a reduction in lionfish (over local control singularly), a biophysical model
(the “model”) was implemented in order to understand the hydrographic flow which
transports larval lionfish between precincts within the study domain.

The model

employs a cellular automaton and agent based algorithm which relies upon lionfish life
history characteristics and physical oceanographic conditions to construct a forecast of
the spread of Atlantic lionfish. Outputs of the model are date‐stamped geographical
settlement points of lionfish larvae that can be used to estimate real‐world lionfish
abundance and also the linkages between precincts within the study domain. The
model has been widely engaged to study invasive Atlantic lionfish and provides a robust
forecast of the spread of the invader that can then be analyzed over space and time
(Johnston and Purkis 2014a, 2014b).

The model was first used to generate simulations which artificially replicated the
trajectory and eventual settling location of larvae spawned by breeding lionfish from
random locations within each precinct. By tracking the initial location of the breeding
population and also the eventual settling location of larvae produced by the population,
it was possible to deduce whether the simulated larvae either self‐recruited to where
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they were spawned or settled in distant precincts.

These linkages are critical to

understand how lionfish spread through the study domain and as such the top three
linkages, defined as those precinct pairings where the greatest quantity of larval lionfish
exchanges occurred, were identified for each precinct. Next, an example precinct was
selected ‐ the Carolinas, U.S.A. ‐ and the three most connected precincts to the
Carolinas were identified. Simulations were then created spanning five years. Virtual
culls removed a defined quantity of lionfish at regular time intervals throughout the
simulation in the Carolinas and also in the top three precincts linked to the Carolinas to
demonstrate how yearly versus monthly culling efforts affected local lionfish
populations. Finally, artificial culls were executed in all precincts hydrographically linked
to the Carolinas in order to contrast how broad‐scale lionfish control compared to culls
performed only in the top three precincts highly linked to the Carolinas.

9.3.1 Model Implementation

The study domain extended from 39° to 11° N latitude and 94° to 69° W longitude and
was represented by a fixed 2‐D grid with cell dimensions of 10 km × 10 km following
Johnston and Purkis (2014b). Values corresponding to water depth, monthly‐mean sea
surface temperature, and the velocity and direction of ocean current were compiled for
each grid cell (Tables 9.1 and 9.2). Monthly‐mean ocean current data as forecast by the
Hybrid Current Ocean Model (HYCOM) (Chassignet et al. 2007, Prasad and Hogan, 2007)
was chosen to condition water flow through the grid using ocean current direction and
velocity for an average (i.e. one not prone to anomalous circulation patterns such as
may be produced by hurricanes) year (2006), a method which has precedence in the
literature (Johnston and Purkis 2014b). The HYCOM is a commonly implemented and
useful approximation of water flow within the study domain upon which to estimate
linkages between precincts and was chosen for this reason. In those locations where
the HYCOM was missing data, such as those waters washing the Little and Great
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Bahama Banks for example, ocean current was extracted from the Ocean Surface
Current Analysis (OSCAR) database for the year 2006 (Bonjean and Lagerloef 2002).
Nearest‐neighbor interpolation was used to grid ocean current values to a resolution of
4 km in order to ensure a tight near‐shore fit for both the HYCOM and OSCAR data.
Model inputs for Atlantic lionfish life‐history traits such as fecundity, mortality, and
breeding age were sourced from Johnston and Purkis (2014b) (Table 9.1).
Table 9.1 Parameter inputs used in the model. Parameters, values, and original
sources of data used for inputs in this study.
Parameter Name
Value
Justification
Source
Cycles (months)

Grid Size

SST Lower Thermal
Limit

60

Simulations were created
spanningfive years,
sufficient time to show
precinct linkages

10 km

Parameter granularity of
the HYCOM ocean
current dataset

10° C

Documented lower
thermal tolerance (upper
limit has not been
identified in the
literature) of lionfish in
their introduced range

Depth Range

1 ‐ 300 m

Egg Duration (de)

3 days

Pelagic Larval
Duration (PLD)

Mortality (Me, Ml,
Mj, Ma)

Lionfish are found to
water depth of at least
300 m
Estimated egg duration of
lionfish in the Atlantic

Kimball et al. (2004)

Albins and hixon
(2011)
Morris et al. (2011)

28 days

Estimated larval duration
of Atlantic lionfish

Ahrenholz and Morris
(2010), Morris et al.
(2011)

0.31 d ‐1
(Me, Ml),
0.165 m ‐1
(Mj), 0.052
m ‐1 (Ma)

Estimated mortality rates
of Atlantic lionfish

Morris et al. (2011)
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Female Proportion

46%

Breeding Age

10 months

Larval Quantity(q)

200,000

Founder
Population per
Precinct

100

Monthly Breeding
Cycle

30 days

Sex ratio of Atlantic
lionfish
Estimated maturation of
Atlantic lionfish, given
larger size and faster
growth in the Atlantic
than where they are
native

Morris et al. (2011)

Ahrenholz and Morris
(2010)

Breeding occurs as often
as every 4 days.
Estimated monthly
quantity of eggs per
female, per month,
obtained from the
literature

Morris et al. (2011)

Larval quantity (q) is
based on total quantity
per month, and so the
cycle has been set to one
month accordingly

Morris et al. (2009)
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Table 9.2 Physical oceanic parameters used in the model. Oceanic parameters,
resolution, and original sources of data used for inputs in this study.
Parameter Name

Ocean Current

Sea Surface Temperature (SST)

Ocean Depth

Resolution Source and Description

10 km

The HYCOM ocean model is a widely used and
robust forecast of global ocean currents, based
on remotely sensed data and in‐situ
measurements (Chassignet et al., 2007).
Monthly mean current values from the HYCOM
(GLBa0.08 project) for the year 2006 were used
for this study. In locations where the HYCOM
was lacking data, Ocean Surface Current
Analysis (OSCAR) monthly mean current values
for the year 2006 were used and interpolated
to a resolution of 10 km (Bonjean and Lagerloef
2002)

4 km

Moderate‐resolution Imaging
Spectroradiometer (MODIS)‐Aqua satellite
climatological data (composite monthly mean
values) for the years 2003 to 2012 were used
for this study.

4 km

ETOPO1 is a 1 arc‐minute global relief model of
Earth's surface that integrates land topography
and ocean bathymetry (Amante and Eakins,
2009) and is the source of water depth data for
the model.

Table 9.3. Precinct definitions and the top three linkages per precinct. Precinct names
and precinct code definitions used for the study. Primary, secondary, and tertiary
linkages for each precinct.
Precinct
Primary
Secondary
Tertiary
Precinct
Code
Link
Link
Link
Carolinas
CAR
MDA
FLK
CBN
Florida Keys
FLK
EGM
YUC
CBN
Mid‐Atlantic
MDA
FLK
EGM
CBN
Cuba North
CBN
WBA
CBS
MBR
Cuba South
CBS
CBN
EGM
MBR
Western Bahamas
WBA
CBN
NBA
CBS
Northern Bahamas
NBA
WBA
CBN
CBS
Meso‐american Barier Reef
MBR
YUC
Yucutan
YUC
MBR
CBS
CBN
Eastern Gulf of Mexico
EGM
FLK
MBR
YUC
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During each model‐run, the founding precinct was tracked as larvae transitioned
through the model grid and the eventual setting location of larvae in a settling precinct
was recorded. Next, the mean count of settled lionfish computed over the ten model
runs and for each founding precinct was calculated per settling precinct. From this
calculation, it was possible to determine not only the relative quantity of larvae that
settle in a settling precinct but also the founding precincts that contributed the greatest
quantity of lionfish to the settling precinct population. Finally, the top three founding
precincts per settling precinct were identified and deemed as primary, secondary, and
tertiary linkages (Table 9.3, Figure 9.2). Settling locations of lionfish from one sample
simulation per founding precinct were then projected in a GIS (Figure 9.1). This analysis
is useful to demonstrate the linkages of the ten precincts selected for this study.

The simulations can also help to understand whether a founding precinct exports,
imports, or retains lionfish larvae according to the model. To do this, each founding
precinct was examined individually and the total quantity of lionfish larvae that settled
in the founding precinct were binned according to the origination of the larva,
categorized as 1) self‐recruitment, if the larva originated from within the founding
precinct, 2) exported, if the larva settled in a distant settling precinct, or 3) imported, if
the lionfish larva was spawned from a distant founding precinct (Figure 9.3). This
evaluation quantifies the precincts that contain the greatest abundance of lionfish
concluding the simulation as well as whether precincts retain their larvae or have the
potential to seed downstream precincts with larval lionfish recruits.

9.3.3 Simulating the Effects of Culls

A suite of simulations was executed next using the same conditioning parameters as
those in section 2.3 and in two guises in order to test whether either monthly or yearly
culls were able to reduce lionfish abundance in the Carolinas precinct.

The first
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amongst nations to perform these culls may be a difficult task. Finally, the same
simulations were processed with 20% monthly lionfish culls in order to quantity if an
increase in effort may achieve greater success, should a widespread and frequent 20%
lionfish removal plan be deemed attainable (Figure 9.5).

9.4

Results

9.4.1 Linkages between Precincts within the Study Domain

When examining the diffusion pattern of lionfish spawned from random populations in
each founding precinct (Figure 9.1), it is clear that the study domain is a dynamic and
highly connected environment as seen by the wide dispersal of lionfish larvae from
precincts such as the Meso‐american Barier Reef, Cuba North, and Cuba South. This is
especially relevant given that lionfish are capable to produce reproductive populations
from very few founding individuals (Whitfield et al. 2002, Hamner et al. 2007), and so,
even weak linkages between precincts should be regarded with caution. Founding
lionfish in each precinct (i.e 1,000 founder lionfish‐precinct) produced the same quantity
of larvae over the five year model run. Given this, and from observing the simulations, it
is evident that lionfish offspring from some precincts (i.e. the Western Bahamas, Florida
Keys, and the Northern Bahamas) were swept into inhabitable water by the conclusion
of the PLD period and were not able to settle according to the criteria stipulated in the
model’s logic. This can be seen by the low total quantities of those lionfish larvae which
were spawned and that recruited to or were exported from the Northern Bahamas,
Western Bahamas, and Florida Keys precincts (Figure 9.3a). According to the model,
many precincts retained a high percentage of their lionfish larvae (i.e. the Western
Bahamas, Cuba North, Cuba South, Eastern Gulf of Mexico, and the Yucatan) and some
even exported a large proportion of their lionfish larvae (i.e. the Florida Keys, Mid‐
Atlantic, and Meso‐american Barier Reef) (Figure 9.3b). One precinct, the Carolinas,
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imported the majority of its lionfish larvae from upstream locations, though all but two
other locations (the Northern Bahamas and Meso‐american Barier Reef) imported a
portion of their resident populations from at least one of the ten study precincts (Figure
9.1, Figure 9.3).

When the top three linkages to each precinct were compiled, it was evident that two
precincts, Cuba North and Cuba South, exported lionfish larvae to majority of the ten
locations modeled (Figure 9.1, Table 9.3). Cuba North was the leading exporter, being a
primary export link to two precincts (the Western Bahamas and Cuba South), a
secondary link to one (the Northern Bahamas), and a tertiary link to four (the Yucatan,
Florida Keys, Mid‐Atlantic, and the Carolinas). In contrast, the Carolinas showed zero
strong (top three) export linkages to the ten study precincts and instead imported the
majority of its lionfish larvae in the simulations.

9.4.2 The Effects of Virtual Culls on Lionfish Populations in the Carolinas

Yearly culls of lionfish at rates of both 50% and 90% in those precincts most greatly
linked to the Carolinas (Mid‐Atlantic, Florida Keys, and Cuba North) were ineffective at
producing a reduction in lionfish in any of the four precincts (Figure 9.4). Conversely,
lionfish populations in the Carolinas and the other three highly linked precincts
continued to build populations at a fast pace when virtual yearly culls were performed.
Monthly culls curbed lionfish populations at a swifter rate than yearly culls; however
only an intense 60% monthly removal rate was capable to produce a reduction in
lionfish biomass in the Carolinas at the conclusion of the five year simulation (Figure
9.4).

When the scope of monthly lionfish culls was expanded to include virtual culls in all ten
precincts considered in the study, a dramatic reduction in lionfish abundance was
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witnessed in the Carolinas, Mid‐Atlantic, Florida Keys, and Cuba North precincts (Figure
9.5). A reduction in lionfish biomass was seen in the Mid‐Atlantic, Florida Keys, and
Cuba North precincts at the end of five years when culling 10% of the population
monthly and basin‐wide, however this was not true in the Carolinas, which maintained a
population greater that the initial 100 founding females. When the monthly basin‐wide
cull rate was increased to 20%, lionfish in the Florida Keys and Carolinas precincts were
extirpated and populations in the Mid‐Atlantic and Cuba North precincts comprised less
than 3% of the initial population of 100 founder females.

9.5

Discussion

This paper reports two relevant findings which are essential to understand and consider
when developing a strategy to suppress, or ideally, locally eliminate, invasive Atlantic
lionfish populations. The first deduction from the simulation is that sporadic yearly
lionfish culls, even at moderate to high rates of exploitation (50% and 90%), were not
effective at curbing lionfish biomass over a temporal span of five years given the
constraints of the study. This suggests that the typical recreational lionfish “derby”
approach to culls, which are typically sporadic events, is flawed from first principles.
The second salient point is that consistent and low‐intensity lionfish culls (10% to 20%),
when conducted basin‐wide in regions highly linked, are, in theory at least, capable of
swiftly reducing lionfish biomass below ecologically sustainable levels. International
cooperation and collaboration is therefore paramount to successfully reducing lionfish
abundance.

9.5.1 Unraveling Complex Linkages within the Study Domain

The simulations first give insight into the complex linkages which exists between
precincts within the study domain. When examining the linkages between the ten study
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precincts, a clear south to north flow of larvae was apparent, commencing in the
southernmost precinct (the Meso‐american Barrier Reef), and terminating in the
northernmost precinct (the Carolinas) (Figure 9.1). Winter water temperatures north of
Cape Hatteras, North Carolina, U.S.A., fall below the lower thermal tolerance of invasive
lionfish and most other tropical fauna as noted by Briggs (1974), and therefore, the
Carolinas precinct is likely the northernmost survival limit of lionfish larvae flowing north
from the greater Caribbean. It is curious to note that a study of lionfish densities
reported an extremely high abundance of lionfish from the waters offshore North
Carolina (Whitfield et al. 2007). The simulation indicated that the Carolinas was the only
precinct examined to receive imports from all ten study precincts (Figure 9.1). The high
densities reported in the Carolinas by Whitfield et al. (2007) may be attributed to early
colonization of lionfish in the late 1990’s (Schofield 2010) and a subsequent mature
lionfish population near ecosystem carrying‐capacity limits, or this may reflect the vast
quantity of imports of lionfish larvae into the Carolinas from upstream precincts as
found by this study.

Though regions to the south of the Meso‐american Barrier Reef precinct were not
considered here, it is probable that the overall flow of lionfish larvae is directed from
south to north following prevailing ocean currents in the region as modelled by
Johnston and Purkis (2014b) (Figure 9.1a). As such, the Meso‐american Barrier Reef,
which imported lionfish only from the Yucatan precinct in this study, is likely linked to
those regions to the south which were not considered by the simulation.

When

observing the impacts to the Carolinas alone, and given the constraints of this study,
those locations midway between the Meso‐american Barrier Reef and Carolinas
precincts were the most prominent exporters of lionfish larvae to the Carolinas.
Importantly, Cuba North and Cuba South exported lionfish to eight of the ten precincts
according to the simulations (Figure 9.1, Table 9.3). It follows, therefore, that should a
comprehensive lionfish cull program be initiated within the study domain, a primary
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location to implement the program would be in the Cuba North and Cuba South
precincts in order to deliver the greatest reduction of lionfish recruits over a wide spatial
expanse.

9.5.2 Widespread, Low‐intensity Monthly Culls are More Effective than Sporadic,
High‐Intensity Annual Culls

While manual culls accomplished by spear‐fishing typically target adult lionfish,
predominantly when consumption of the fish is the primary motive, other lionfish
control models suggest that culls should focus on approaches that target young lionfish
in conjunction with mature fish (Arias‐González et al. 2011, Morris et al. 2011). The
culling routine used in this study selected lionfish of any age class at random for removal
and followed the recommendation of Morris et al. (2011), who found that eliminating
both juvenile and adult lionfish was the most effective at decreasing lionfish abundance.
The study simulations evidenced that when eradicating the majority of lionfish (90%),
annually, from the Carolinas, Mid‐Atlantic, Florida Keys, and Cuba North precincts,
lionfish abundance in all four precincts swiftly rebounded after each effort (Figure 9.4).
This population rebound differs from that shown by Arias‐González et al. (2011) (i.e.
their Figure 9.4) whereas in their study lionfish biomass remained low when intense
rates of fishing‐related mortality were imposed on the population.

This disparity

logically results from the constant influx of lionfish larvae from distant locations in the
model; these arrivals were not considered in the modelling study by Arias‐González et
al. (2011). At the end of the five year simulation that incurred a 90% annual cull rate,
the Carolinas population was nearly 17 times that of the initial founding population of
100 individual breeding females (Figure 9.4). Contrasted with monthly culls of 10% and
60% enacted on the same precincts, an intense cull rate (60%) was required to reduce
lionfish abundance in the Carolinas precinct, and still, this high rate of exploitation was
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unable to reduce the abundance of lionfish in the Mid‐Atlantic, Florida Keys, and Cuba
North precincts to fewer than the initial 100 founding individuals.

From the examination of varied lionfish culls performed annually and also monthly, the
study suggests that sporadic local lionfish controls, such as those executed during
annual culling efforts or derbies, are not effective at controlling lionfish populations
over the long term (> five years), in agreement with Morris et al. (2011) and Arias‐
González et al. (2011). Monthly culls were more effective than yearly culls at reducing
populations in the short term, but surprisingly intense cull rates (>60% per month),
across all age ranges of the fish (an outcome that is not accomplished by derbies as
derby fishermen preferentially cull large lionfish), were needed in order to provide any
long term gains in the simulation. Even as such, a 60% cull rate showed that, while the
Carolinas populations remained below 100 individuals at the end of five years, lionfish
abundances in the remaining three precincts were increasing in magnitude. As such, it
is likely that beyond five years even monthly culls at a rate of 60% would be insufficient
to reduce the population of lionfish in the Carolinas. In stark contrast, consistent
monthly and low‐intensity (10%) lionfish culls in all ten precincts connected to the
Carolinas realized a marked reduction in lionfish populations in all four precincts. When
this low cull rate was doubled from 10% to 20%, lionfish populations effectively dropped
to zero in all precincts. This finding elevates the importance of basin‐wide cooperation
between Caribbean nations in order to effectively suppress lionfish abundance.

9.5.3 Lionfish Controls are Difficult and Costly

The environmental and economic losses instigated by invasive species in the United
States alone, excluding lionfish, cost the United States 120$ billion annually (Pimentel at
al. 2005).

As the most detrimental marine invasion ever documented, lionfish

undoubtedly cost the economies of the United States and Caribbean nations billions
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annually, though the economic losses attributed to lionfish have not yet been
quantified. Lionfish have been shown to reduce the recruitment of native prey fishes by
65% over a period of two years in the Bahamas (Green et al. 2012) and biomass of all
teleosts on artificial reefs introduced with lionfish over a five week span by 79% (Albins
and Hixon 2008). These studies signify that the economic damages done to ecosystems
in the range invaded by lionfish are undeniably pronounced, and perhaps surpass the
expensive and laborious efforts which must be undertaken to control the invader. Still,
lionfish control costs must be well‐considered against economic losses when planning
for a broad‐scale application of lionfish culls. To date, the per‐unit effort cost to remove
lionfish has not been enumerated and is an area of research which needs study.

Local lionfish removal programs are increasing in frequency and scope in many nations
comprising the range of invasive lionfish, though it is difficult to determine the long‐
term success of these efforts. Most of these programs are conducted through manual
removal regimes by the use of spears or hand‐nets and are time consuming, laborious,
and limited to recreational dive limit depths of about 30 m (Barbour et al. 2011).
Manual culls have proven moderately successful at reducing local lionfish populations,
but their efficiency beyond a local scope has not been measured (Barbour et al. 2011).
Lionfish are documented at water depths of up to 300 m too (Barbour et al. 2011), and
so deep lionfish populations are unreachable during recreational culls. These deep
lionfish populations are concerning, given that Bejarano et al. (2014) found that deep‐
reef terraces may serve as potential refugia for lionfish and are a habitat where targeted
lionfish culls should be focused. Additionally, those locations which are distant to
human populations are not often fished and perhaps may serve as reservoirs for
burgeoning lionfish populations.

Lionfish show low vulnerability to a hook and line fishery, effectively eliminating this
method to control lionfish populations en masse (Morris and Whitfield 2009). Some
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success has been seen by reef‐trap fisheries which often haul large quantities of lionfish
as by‐catch (Morris and Whitfield 2009). Indeed, these trap‐fisheries are capable to
target lionfish at depth where they are otherwise beyond the reach of traditional
manual culls. In order for these deep traps to be useful for targeting deep lionfish,
however, the traps would necessitate a design which substantially reduces the bycatch
of native fauna. Such a trap has yet to be developed but is an area of study apt for
evaluation. Given these restrictions, lionfish control on a broad scale is a difficult
undertaking, but one for which a comprehensive plan is necessary based on the study.

When simulating lionfish populations via a stage‐based control model, Morris et al.
(2011) found that a removal rate of 27% of lionfish biomass was sufficient to control the
invader in the short term and within the confines of their study, though they did not
consider outside recruits into their model. The study echoes the findings of Morris et al.
(2011), forecasting that a similar 20% monthly removal rate, though performed at a
broad spatial scale, would be obligatory to produce negative lionfish population growth
in the Carolinas. The study also found that a 20% basin‐wide removal rate would appear
to be a critical chokehold level at which lionfish culls may be successful to control
lionfish populations in the Carolinas as well as those precincts directly linked to the
Carolinas. Still, a 20% reduction in lionfish numbers in all Atlantic habitats which contain
lionfish is a lofty goal given that lionfish show extreme habitat plasticity, the costs of
invasive species controls are extraordinarily high, and to date, cooperation between
nations to achieve such a goal has not been realized (Pimentel at al. 2005, Albins and
Hixon 2008, Barbour et al. 2008, Morris and Akins 2009, Jud and Layman 2012). If a
concerted and international effort is to be conceived to reduce lionfish biomass, it is
suggested that a 20% monthly reduction of lionfish basin‐wide to be the critical level of
control necessary to reduce the abundance of invasive lionfish.

Given the

acknowledged difficulties in implementing such an international lionfish management
plan, a more approachable and realistic goal would be for high‐risk locations to use a
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study, such as this one, to identify the top linkages to their specific location and then to
partner with those nations upstream in order to development a comprehensive lionfish
removal plan beneficial to both parties.

Finally, it is acknowledged that that model results are subject to estimation errors owing
largely to a paucity of life‐history data for Atlantic lionfish upon which were used to
parameterize the model. Natural mortality (M) has not been quantified for any larval
tropical scorpaenid and is an element to which lionfish, and most marine fish,
population models are the most sensitive (Barbour et al. 2011, Morris et al. 2011,
Johnston and Purkis 2014b). The mortality rates used in this study fall within those
ranges reported for many marine fish with pelagic larval phases and are consistent with
those used in similar lionfish modelling studies (Barbour et al. 2011, Morris et al. 2011,
Johnston and Purkis 2014a, 2014b). Given that lionfish are chemically protected and are
largely immune to predation by native fishes (Hackerott et al. 2013), natural mortality of
invasive lionfish may be lower than that which was used for this study. As a result, an
underestimation of the rate of lionfish culls which are required to control the invasive
population may have been produced. Confidently, the conditioning parameters used
have been sensitivity tested (Johnston and Purkis 2014a, 2014b) and the distribution
patterns of lionfish larvae produced by the model shown robust to alterations of M. All
lionfish life history traits which parameterize the model were sourced from the
literature and from past lionfish modelling studies, and therefore the methodology used
is consistent with best modelling practices to date and current knowledge of Atlantic
lionfish behavior.

9.6

Conclusion

The simulations reveal that the abundance of invasive Atlantic lionfish cannot be
reduced to ecologically sustainable levels in a focus region without coordinated and
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frequent lionfish culls in nations to which that location is strongly hydrodynamically
connected. Furthermore, sporadic annual culls at exploitation rates as high as 90% have
a limited effect at controlling lionfish populations over a five year time‐frame. When
low‐intensity monthly culls at a rate of 20% of the lionfish population were executed
between precincts linked to a focus region (the Carolinas), lionfish abundance dropped
precipitously in all linked regions. A 20% basin‐wide cull rate, therefore, appears to
perhaps be the critical level of culls capable to successfully reduce lionfish biomass
below ecologically sustainable levels given the constraints of this study. The top three
linkages identified between the ten study precincts are a useful guide when planning a
control strategy for lionfish within the study area. Finally, the Cuba North and Cuba
South precincts are key exporters of lionfish larvae to the majority of precincts in the
study and it is suggested that these sites to be critical locations which should be
preferentially targeted by lionfish control efforts.
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Synthesis and Conclusion

10.1

Invasive Species and the Model Revisited

It is plainly apparent that the introduction of non‐native species to novel environments
is tremendously ecologically and economically costly to environments which host the
invaders. Billions of USDs are spent annually to control invasive species the United
States alone, and it is thought that the abundance and impacts of invasive species are
set to increase when faced with an altered environment due to global climate change
(Hellman et al. 2008). Indeed, the work performed in this thesis suggests that climate
change, in the form of increased storm activity, may act synergistically to stimulate the
proliferation of invasive species from South Florida to the Bahamas, a scenario which
perhaps may be repeated in other regions with similar conditioning factors.

Whilst terrestrial invasive species have historically received the bulk of attention from
resource managers, marine invasions are becoming increasingly common and the study
of the mechanics of these events is in its infancy. As a result, few studies have tackled
the daunting task of unraveling the complex mechanisms of a marine invasion, and even
fewer tools have been developed to study these phenomenon. The aim of this thesis
was to develop such a tool first by closely studying the mechanics of the Atlantic lionfish
invasion and then synthetically replicating their historic spread with a computer model.
The complex biophysical model which was developed integrates biology of the invader
and physical ocean characteristics to forecast the incursion patterns of a species
primarily conducted by larval connectivity patterns. Next, the knowledge gained during
the duplication of the lionfish invasion was harvested to model the spread of other
marine invasive species, such as the panther grouper and a suite of snapper and grouper
(in addition to lionfish), in several global oceans. From these studies, useful forecast
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tools were produced which can help guide ocean managers should marine invasions
increase in frequency in any region of the world.

10.2

Progression of the Model

Developing the biophysical model used throughout the studies in this thesis was a
transformative process, originating with a simple model which was temporally unit‐less
and limited in spatial resolution to one arc degree (111 km at the equator). The first
iteration did not consider biological traits of the invader such as fecundity but did factor
tolerances to ocean temperature, water depth, chlorophyll concentration, and ocean
current. Still, the model was able to accurately reproduce the realized infiltration of
lionfish in the Atlantic as shown by rigorous statistic testing. From this robust base
algorithm, the model was further advanced to reflect a full roster of biological traits
which were deemed salient to forecasting the spread of an invasive species, such as
fecundity, age to maturity, and egg, larval, juvenile, and adult life‐stage mortality rates.
As a 100% accurate synthetic reproduction of a natural system is impossible to attain via
computer modeling, it was important at this stage to choose parameters which where
the most influential in the spread of an invasive as to not introduce complexity and
noise to the simulations. Only those parameters which had a solid backing in the
literature and could be quantitatively measured were chosen, as is a best practice when
developing a computer model which attempts to replicate a natural system. This careful
selection of inputs provides stability to the forecasts produced by the model without
overreaching and producing inaccurate or misleading results.

Over the course of seven modeling studies (chapters two‐seven, and nine), the model
also evolved considerably in spatial and temporal resolution. Spatial resolution as it
pertains to ocean condition inputs to the model increased by more than one
hundredfold, from a rather coarse, 111 km pixel size of the model grid (chapter two), to
a detailed 1 km grid (chapter three).

Temporal resolution greatly improved, first
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consuming yearly climatological averages for oceanic conditions (chapter two), to
utilizing highly resolute daily data (chapters three and seven). In addition, multiple
introduction locations at specific coordinates and dates were assimilated (chapter
three), increasing the flexibility and scope of the model. Throughout the development
of the model, care was taken to preserve flexibility of its implementation, an important
consideration to increase the scope and usefulness of the model in order that it could
be widely applied. The speed of the algorithm also increased considerably, allowing
quick and automated production of bulk simulation runs. A combination of monthly and
daily ocean condition data used in chapter seven produced very unique and thought
provoking results and is the first of its kind to link tropical storm systems with the
spread of invasive species. Finally, chapter nine culminated the development effort of
the model in this thesis and provided a quantitative measure of the cull rate necessary
to effectively control invasive Atlantic lionfish.

10.3

Conclusion

The work of this thesis attains several essential milestones:

[1] The development of an extremely flexible biophysical modeling tool which is capable
to generate simulations forecasting the spread of marine invasive species at high spatial
and temporal resolutions. The model is proficient at coalescing life history traits of the
species being modeled with oceanic conditions in the study domain to temporally
sequence a historical, contemporary, or future marine invasion for any species for which
empirical data are obtainable.

[2] A reconstruction of the historic and intentional introduction of 11 snapper, grouper,
and emperor fish species in the Hawai’ian Islands via computational modeling. This
reconstruction validates the biophysical model central to this thesis and also reveals the
biological traits which lead to a successful invasion by an introduced marine species.
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[3] The first known forecast of the infiltration of a potentially invasive species in South
Florida, the panther grouper (Chroimileptes altivelis). Records of this marine fish have
increased in frequency spanning the past 10 years however no prior forecast has been
produced for a possible invasion by the fish. This thesis offers a spatially explicit
forecast map which can guide ocean managers as to where containment efforts must be
focused should the grouper establish breeding populations in South Florida.

[4] Through computational modeling, connectivity pathways in the eastern Tropical
Pacific are explored, which is relevant to the spread of pelagically‐dispersed marine
invasive fish such as the lionfish. Thankfully, the simulations produced by the model
indicate that an eastern Pacific invasion is not likely to occur, and that if lionfish are
introduced to this region by any means, their proliferation will be hampered by
unfavorable oceanic conditions in the Pacific.

[5] An evaluation of ocean current, depth, and temperature in the Mediterranean Sea to
assess if these ocean conditions may conduct the transport and settlement of planktonic
lionfish larvae and eggs, and thus, an impending invasion by the fish. This forecast is
relevant as the Mediterranean is connected to the Red Sea (where the P. miles
subspecies of lionfish is indigenous) via the Suez Canal and lionfish have been reported
in the Mediterranean on at least four occasions. Still, the evaluation herein indicates
that larval connectivity within the Mediterranean is fractional when compared to the
Atlantic. As such, a widespread lionfish scourge in the Mediterranean is unlikely.

[6] A previously unrealized link between hurricane‐forced ocean currents and the spread
of the invasive lionfish from South Florida to the Bahamas is revealed. The literature
indicates that hurricanes can be credited with the spread of terrestrial plants and also
diseases, however the modeling effort in chapter seven suggests that storm forced
winds, such as those found in hurricanes, are capable to disrupt strongly flowing ocean
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currents deep into the water column. This is important as these perturbations disrupt a
strong connectivity barrier between South Florida and the Bahamas homogenize the
gene pool between the two regions by conducting larvae and eggs for native and non‐
native species alike.
[7] A per km2 measure of the disastrous monetary costs to Caribbean fisheries and
biodiversity wrought by lionfish. Implementing a permutation of a robust method of
ecosystem evaluation known as Habitat Equivalency Analysis, a first attempt is made to
quantify the monetary losses due to lionfish in the Caribbean, which to date has been
undocumented. The evaluation also provides resource managers a baseline metric
upon which to value the worth of lionfish controls versus damages.

[8] A quantitative measure of the rate and scope by which culling efforts must be
implemented in order for lionfish control to be successful. This result emphasizes that
collaboration between all nations hydrographically linked in the western Atlantic, Gulf of
Mexico, and Caribbean is necessary and is a useful evaluation to ocean managers who
are tasked with planning lionfish removal programs.

There is a clear paucity of modeling efforts by which to quantify and track marine
invasions, which is unfortunate, as the extreme penalties that are incurred by those
ecosystems unfortunate to suffer from invasions are great. It is encouraging that the
model developed during this thesis and utilized to study 14 different invasive marine
species is capable to replicate historical and contemporary invasives with marked
accuracy. Additionally, this thesis helps to quantify the monetary costs incurred in the
Caribbean instigated by the most infamous invader to date, the lionfish. It is hoped that
these findings can help strengthen the literature, provide needed guidance to those
trying to control marine invasions, particularly as the fledgling study of marine invasive
species matures, and also be helpful in the future to combat those invasions which have
yet to be realized. Considering a broader future application, the biophysical model is
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malleable and capable to perform comprehensive examinations of ecosystem
connectivity patterns of both marine and terrestrial ecosystems. The model is a broad
framework upon which to advance future applications of invasion science as new data is
gathered detailing the mechanics of biological invasions by exotic species.
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